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PREFACE. 


Tim present work is designed us a text-book of Astronomy 
suited to the general course in our colleges and schools of 
science, and is meant to supply that amount of information 
upon the subject which may fairly bo expected of every 
“liberally educated” person. While it assumes the previous 
discipline and mental maturity usually corresponding to the 
latter years of the college course, it does not demand the 
peculiar mathematical training and aptitude necessary as the 
speoial course in the science — only the most ele¬ 
mentary knowledge of Algebra, Geometry, and Trigonometry, 
is required for its reading. Its aim is to give a clear, accu¬ 
rate, and justly proportioned presentation of astronomioal 
facts, principles, and methods in such a form that they can 
bo easily apprehended by the average college student with a 
reasonable amount of effort. 

•The limitations of time are such in our college courso that 
probably it will not bo possible in most cases for a class to 
take thoroughly everything in the hook. The fine print is to 
be regarded rather as collateral reading, important to any¬ 
thing like a complete view of the subject, but not essential to 
the course. Some of the chapters can even bo omitted in 
|i^|ie6l ; Avhore it is found necessary to abridge the course as 
much as possible; e.g,> the chapters on Instruments and on 
Perturbations. < 

While the work is no mere compilation, it makes no claims 
to special originality: information and help have been drawn 
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. The present work is designed os a text-book of Astronomy 
suited to the general oouvso in our colleges and schools of 
science, and is meant to supply that amount of information 
upon the subject which may fairly be expected of every 
“liberally educated” person. While it assumes the previous 
discipline and mental maturity usually corresponding to the 
latter years of the college course, it does not demand the 
peculiar mathematical training and aptitude neoessary as the 
..JijftSllppf a, special course in the science — only the most ele¬ 
mentary knowledge of Algebra, Ctcomotry, and Trigonometry 
is required for its reading. Its aim is to give a clear, accu¬ 
rate, and justly proportioned presentation of astronomical 
facts, principles, and methods in such a form that thoy can 
be easily apprehended by the avovago college student with a 
reasonable amount of effort. 

•The limitations of time are such in our college course that 
probably it will not bo possible in most oases for a class to 
take thoroughly everything in the book. The fine print is to 
bo regarded rather as collateral reading, important to any¬ 
thing like a complete view of the subject, but not essential to 
the oourso. Some of biro chapters can even bo omitted in 
jottses whore it is found neoessary to abridge the oourso as 
much ns possible ; e.g,, the chapters on Instruments and on 
Perturbations. . 

While the work is no more compilation, it makes no claims 
to special originality: information and help have been drawn 
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from all available sources. The author is under great obliga¬ 
tions to tho astronomical histories of Grant and Wolf, aiul 
especially to Miss Clerlce’s admirable “ History of Astronomy in 
the Nineteenth Con tiny,” Many data also have been drawn 
from Ilouzeau’s valuable “Vade Meoum do l’Astronome.” 

It has been intended to bring the hook well down to date, 
and to indicate to the student the somces of information on 
subjects which are necessarily hero treated inadequately on 
aooount of tho limitations of time and space. 

Special acknowledgments are due to Professor Langley and 
to his publishers, Messis. Ticknor & Co., for tho use of a 
number of illustrations from Jiis beautiful book, “ Tlio New 
Astronomy ”; aiul also to D Appleton & Co. for the use of 
several outs fiom the author’s little book on the Sun. Pro¬ 
fessor Trowbiidge of Cambiidge kindly piovided the original 
negative from which was made the cut illustrating tho com¬ 
parison of the spectrum of iron with that of the sun. Warner 
& Swascy of Cleveland and Pauth & Co. of Washington have 
also furnished the engravings of a number of astronomical 
instruments. 

Professors Todd, Emerson, Upton, and McNeill have given 
most valuable assistance and suggestions in the revision of tho 
proof; as indoed, in haidly a less degroe, have several others. 

The author will consider it a gieat favor if those who may 
use the book will kindly communicate to lnm, either directly 
or through the publishers, any errata, in order that they 
may be promptly coirected 

Prinokton.K J„ August, 1888 

Note — In this Issue of the book all the important errata known to exist In 
previous impressions have been corrected, and a number of notes ha^ye been pre 
fixed, embodying recent Important discoveries, 
ms 
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ADDENDA. 


NOTES ON DECENT OHSEllVATlONS AND DISCOVERIES. 


Iii tlio text, articles to which those notus roluto Jiavo ti dagger (t) prolixcd to thoit 

design all ng number. 


Aut, 108. Observations made during the Iasi; throe? years at 
various* European stations, combined with'observations in this 
emuitry and at Honolulu, have established bayoml question the 
fact that during a year the latitudes of all places really oscillate 
to the extent of nearly half a second of are. The axis of bln? earth 
changes its position within the globe, so that the polo of the 
earth (at present) describes approximately a circle 50 or 00 feet 
in diameter in a period of about .14 months* Hut the investiga¬ 
tions of: Chandler show that the range and period of this motion 
of the pole are probably both of them variable to a considerable 
extent, — as might be expected, While the parhulmd variation of 
latitude has thus been established as an observed fact, the question 
of a progressive, secular, variation remains unsettled. 

Aut. 285. In 1889 DumSr in Sweden made an admirable, series 
of spectroscopic determinations of the displacement of tho Fraum 
hofor lines at tho eastern and western edges of tho sun, and the 
results wore not in accovclaiice with those obtained by Mr, Clrow 
(note, p. 179), but completely confirm the received laws of equa¬ 
torial acceleration (Art, 284), They give, however, a little slower 
rate of rotation than do the observations of tho spots, — about 25^ 
days at tho Bun's equator, instead of 25.0. 

3J0. Tho researches of Howland have greatly increased the 
'number of elements recognized as present in the sun, In 1890 
lie gave the following list of SO, whose proaonee he regarded as; 
certainly established, and it is probable that a flow more will ulti- 
matoly be added. The elements are arranged in the list accordlh| 
to the intensity of the dark lines by which they are Vopro8en&iltl,;1j|t 
tho solar spectrum, while the appended figures denote the; .dShlf? 
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659, In 1889 Schiaparelli, tho Italian astronomer, announced 
ho had discovered certain permanent markings upon tho sur- 
of Mercury, and that from thorn ho had ascertained that the 
l^ctnet rotates on its axis only once during its orbital period of 88 days; 
1 hoops tho same face always turned towards tho sun, behaving, in 
fclUB respect, just as tho moon does towards tho oavtli. Owing to 
tlxo eccentricity of tho orbit, however, the planet has a large { libm- 
^ion* (Art. 250), amounting to nearly 23£° on each side of the moan 
Position* ie., >soen from a favorable position on tho planet's surface, 
sun, instead of rising and setting daily, as with us, would oscil- 
^*vfce about 47° back and forth in the sky, every 88 days. This 
^ 6-sorted discovery is extremely important, and has excited great 
1 interest: it still waits confirmation by other astronomers, as tho 
°l>sei , vations are very difficult* but there is little doubt that it is 
^O^i’OGt. 

570, Schiaparelli has not been able to determine with certainty 
kilo rotation of Venus ; but his observations are sufficient to show 
kliat tho period of Sohrooter given in tho text (28 h 21 m ) is imqwm- 
ki on ably wrong, and that the planet probably rotates, like Mercury, 
only oiioo in an orbital revolution; keeping the same face always 
to wards tho sum 

693. .On Jan. 1, 1893, the number of asteroids discovered 
was 346. During 1892 a new method of search was employed, 
Ry photographing a portion of the heavens with a camera of wide 
Hold, mounted oquatorially and moved by dock-work, pie trues arc 
olitainoil in which any planets present can bo easily distinguished 
by tlioir motion during the two or three hours during which the 
ttacposm'G of the plate is continued; while tho images of stars are 
round* if tho clock-work runs correctly, the planets arc apparently 
ol on gated, Wolf of Hoidcdborg and -Ohavlois of Nice have been 
spooinlly successful in this method of discovery, 

621 , On Hop!;. 9, 1892, Mr. 1 laniard at tho Liok Observe* 
fjory discovered a fifth satellite of Jupiter. 

Xt is extremely small, certainly not exceeding a hundred- fnitojft; 
in, diameter, and so near the planet that it is exceedingly difficult 
a tolescojno object, — quite beyond tho possibility of observe 
Xjion by any instruments of less than 18 or 20 inches aportUi% 
rpjie distance of the satellite from the planet's centvo is 
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mill came very near the earth, and, according to Luxell’s calcula¬ 
tions, was then moving in an orbit with a period of only five and a 
half years ; but it was never soon again. I to failure to veappoar, in 
1YYG, waB cosily accounted for by the fact that its orbit did not then 
bring it noar the earth. But it should have reappearod in 1Y81, and 
for a long time its disappearance was very mysterious, until La Place, 
some years later, showed that, in 1YY9, the comet must have come 
very close indeed to Jupiter, perhaps as close as some of its satel¬ 
lites, and that in oonsoquonoo the attraction of that planet had 
probably sent it into a now orbit, not visible from the earth. 

More roconfc investigations by Loverrior, soma years ago, show 
that while the data are immineiont to determine the comers subse¬ 
quent orbit with certainty, nno of fcluV jxmible orbits would have had 
a period a little Jess tlnm twenty-seven years. This would bring it 
back, in 1880, after four revolutions, to the samo plnco which it had 
occupied in 1YY9; now nine of Jupitov’s periods arc 100J yoars, bo 
that he, also, would have returnod to the same place. 

To make a long story short, Mr. Chandler shows that it is 
extremely probable that Brooks’s comet, 1881) V, is identical with 
Lexoll’s comet of 1YY0; Jupiter Hist transformed its orbit from a 
parabola to an ellipse, with a period of live and a half years; then 
removed it from our sphere of observation; and again, after a 
century or more, has brought it bank to us. What will happen, at 
the next enoountor of the eomob with the planet it is not yet pos¬ 
sible to predict. 

j 

740 , On Nov. 2 .'kl, 1892, a shmver of Biolids occurred some¬ 
what less brilliant than that of 1880, but suflieiontly markod, It 
was estimated that about 80,000 wore visible at Princeton between 
Y.S0 I\M. and midnight, The radiant was nearly, at tlio same 
point as in 188/1; but the meteoric ‘swarm } encountered could 
hardly have boon tho same wliicli the earth passed through at that 
time, since tho period of such a swarm, moving"in Biela’s orbit, 
would be about six years and seven months, and the shower came 
on the 28d instead of the 28th of the month. Not improbably the 
materials of the comet are now dispersed into several distinct 
swarms, or perhaps even something like a continuous ring extend¬ 
ing around a large part of tho cireumforimoo of the orbit, 

837 and 881, The eclipse theory of tho change of brightness In 
curtain variable stars has lately recoivod a striking confirmation 
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fiom the speotioscopic work of Vogel, who lias lound by the method 
indicated in Art 802 that about twelve oi eighteen hours before the 
obscuration, Algol is receding fiom us at the rate of nearly twenty- 
seven miles a second, while after the minimum it approaches us at 
the same rate. This is just what it ought to do, if it had a large, 
dai'k companion, and the two weie revolving aiound their common 
centre of gravity m an orbit neaily edgewise to the oartli. When . 
the dark star is rushing forward to mteipose itself botwoen ns mul 
Algol, Algol itself must be moving backwards, and vice versa when 
the dark star is receding after the eclipse VogePs conclusions are, 
that the distance of the dark star from Algol is about 3,260000 
miles j that their diameters are respectively about 840,000 and 
1,060000 miles; that their united mass is about tivo-thirds that of 
the sun; and their density about one-fifth that of the sun,not 
much greatei than that of cork. 

Furthermore, from the variations in the observed period of the 
star, alluded to in Ait 848, combined with certain minuto irregu¬ 
larities in its < proper motion/ Chandler has shown almost beyond 
doubt that tins swiftly-moving pair is itself revolving arouiut 
another distant and invisible star m an oibit about as large as that 
of Uranus, with a period of about 130 yeais. 

There are other variables of the Algol type which show symp¬ 
toms of a similar effect, — V CJygm and \ Tauu especially. 

842 mid 846. In Jam 1892 a twelfth '/Nova” appeared in the 
constellation of Amiga, uhwh at its brightest, about Feb 6th, was 
a stii oL tin* Ik 11 uigi 11 tiiim Its s[.rr ti lmu was very peculiar, show¬ 

ing a great nnmbtn vt bnglii liiit'S, os|n cially those of Tlydiogon 
iaid w^th tlmiii aln* tlu’ (Ink liu«> ut tlio same substanoes The 
blight and datk lint-* urp *■» ilispl ■■ ■ d idatively to eacli other as 
to sliuv that rlu^ \ uie dm to at least two different 

of gnb, m switr irlfttivu mutinii at the mte of something like 
6 mQ luilns a vartoml, — the Mightliiu'” mass receding from ns, 

it I id the Gfchtjl lippii'm lilli^ 

In the jiiitmnn tlm sun whn h had Mink to the 11th magnitude, 
again liLighixn^d up tu aboiir tliu l *Mi, and now the spectrum wns 
touiid t> > bt- almost if not ai^nlutrlv. identical with that of ft 
pluneUn uhLuIm, just ^ \\,i* tlm . isr with Nova Cygm, of 1870, 

848. A tenth variable ot the Aigul type, 12, or S Antlire, disoov* 
ereel by Paul ot Wirdungtmi m ISisS, lms a period of only 7 h 47 m . 
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872. SpeotroBOopio Binaries, One of tho most interesting of 
reoent astronomical results is tho detection by tlio spectrosaopo of 
several pairs of double stains bo oloso that no telescope nan Bopnvnto 
them. In 1889 the brighter component of tho well-known double 
star Mizar (Znfca Ursto Majoris, Fig. 220) was found hy Plnlcoring to 
show tlio dark lines doublo in the photographs of its speobnim/ut 
regular intervals of about ilfty-two days. Tho obvious explanation 
is tliat this star is composed of two, whioh revolve around their 
common centre of gravity in an orbit whioh is turned nearly edge¬ 
wise to us. When tlio stars are at right angles to tlio line along 
whioh we view them, one of tho two will be moving towards us, 
while ^he othor is moving in an opposite dirootion j and as a conse¬ 
quence, the lines in thoir spectra will be shifted opposite ways, 
according to Doppler’s principle (Art. 321, note). Now ahioo the 
two stars are so close that thoir spectra ovorlio oaoh other, tlio result 
will be simply to make tlio linos in tlio compound spectrum appar¬ 
ently double. From tho distance apart of tho linos, tho rolativa 
volocity of the stars can be found, and from this tlio size of tlio 
orbit and tho mass of the starsi Thus it appears that in the qnso of 
Mizar the relative velocity of tho two components is about 100 
miles per second, tlio period about 101 days, and the dUtanoo 
betwoen the two stars about tlio same as tho diamotor of tho orbit 
of Mars; from whioh it follows that their unltod mass la aboilt 
forty times that of tho sun. 

This really makes Mizar* a triple star, the larger of tho two that 
are seen with a small telescope being the one that is thus Spectra- 
Boopieally split. 

Tho lines in tho spootrnm of Bota Aurlgte exhibit tlio somo 
peculiarity, but tho doubling occurs'onoG in four days; the velocity 
being about 150 miles a seoond, and tho diainoter of tho orbit about 
8,000000 miles, tho united mass of the two stars oomos out about 
two and a half times that of tlio sun, These observations of Pro¬ 
fessor Fiokoring’s were mado by photographing tho*speotrnm with 
the slUlew epectroscopo (Art, 801), and are only possible where tlio 
stars whioh oomposo tho binary are both of them reasonably bright, 

With his sllt-spootrosoopo, Vogel, ns has already boon atatod hi 
the preceding note, has boon able to detect a similar orbital motion 
in Algol, although tho oompanlon of the brighter star is itself 
invisible, Moro rooently, in the case of the bright star Alpha Vir¬ 
ginia (Spioa), ho 1ms found a result of tho same kind. At firab the 
photographio observations of tho spootrnm of bids star appeared '!• 
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veiy discordant Some days they indicated that the stat was moving 
towards us quite rapidly, and then again f) om us, but it is found 
that everything can bo explained by the simple assumption that tlio 
star is double with a small companion, like that of Algol, not bright 
enough to show itself by its light, but heavy enough to make its 
partnei swing around in an oibit about 0,000000 miles in diameter, 



Mr Robortt^ti PiiologinpU of tho Nobuln of Aiuliomoda 

onoe in four days. The orbit is not quite edgewise to the earth, so 
that the dark companion does not eclipse Spioa, as Algol is eolipsed 
by its attendant Rigel (Beta Orionis) also shows traces of a simi¬ 
lar 1 periodic variation, though the observations have not yet been con- 
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^bned long enough to determine its period. These orbits, of court*** > 
^'o very nmoli smaller than tlioso of most of tho telescopio binavit's*- 

886 and 893. Wo present an engraving of tho photograph of tlu-* 
' Y ^bula of Andromeda obtained by Mr. Roberts of Liverpool* ** 1 
^scomber, 1888, with a twcnty»ineh reflector. It appears that tJ»«J 
f dark lanes ” hitherto soon as straight, and quite inexplicable, all* 
Stilly curved ovals, like tho divisions in Saturn’s ring. Tho phot**" 
brings out a distinctly annular structure porvading tho -whole* 
ri Qhula, though not satisfactorily scon by tho oyo with any existinK 
**°loscope, and Mr. Roberts’s photographs show a similar stmoturo in 
other nebula:, Huggins has suggested that the small nolnilw* 
*Gon on tho right and left of the largo ono may ho planets in proouit*** 
formation. 

Recent photographs of Orion made with instruments of short 
focus and with a long exposure, show that tho whole constellation i« 
B Uveloped in a nebulosity, which for tho most part attaches itself ix» 
blio principal stars, like tlio nebulosity in the Pleiades (Art. 88*1 . 
h.’ho well-known nebula of Orion is only tho brightest portion of Hit** 
inconceivably enormous mass of stellar fog. 


890. Recent photographs of tho spectrum of tho nobula'of Orion 
by Huggins and Lookyor show a very considorablomumbor of brigllh 
linos in tho violet and ultra-violet; and somo of tho lines apptsnr 
nlao in tho speotrum of tho stars of tho “ trapezium,” showing cloftriy >••• 
that those stars are of tho same material as tho surrounding nabul<i| : 
only more condensed. -t 

louring tho summer of 1890, Keeler at the Liolc Observatory* 
observed a number of the planetary nebulio with a spectroscope off 
High dispersive power, and was able to detect and to measure bli<* 
motion of soveral of them in the lino of sight, The .velocity btf 
blioir motion appears to bo of the same order as tlmt of tho stara* . 
Clio nebula) observed giving results ranging 
forty miles a seoond, — some approaobing and some recoding. 


ZMtWm ' 







INTRODUCTION. 


^o<> 



1, Astronomy (ao-r^ov i w/ao?) is tho science which treats of i\m 
iumv#ily bodies. Ah such bodies wo reckon the sun and moon, thu 
planets (of which the earth Is.ono) ami their satellites, comota ami 
meteors, and finally tho stars and nobulm. 

We have to consider in Astronomy: — 

(a) Tho motions of these bodies, both real and apparent, mid the 
laws which govern those motions. 

( b ) Their forms, dimensions, and'masses. 

(o) Their nature and constitution, 

^ "(d) TlVo offoots they produce upon each other by their attractions, 
radiations, or by any other ascortainablo influence. 

It was an early, ancl has been a moat persistent, belief that the 
heavenly bodios have a powerful influence upon human affairs, m 
that from a knowledge of their positions and “ aspects” at critical 
moments (as for instance at tho time of a person's birth) ono could 
draw up a “horoscope" which would Indicate tho probable future, 
Tho p8Cuclo»aciencQ which was founded on this bollof was named 
Astrology, —tiio older sister of Alchemy, — and for centuries As¬ 
tronomy was Us handmaid; M*, astronomical observations and out* 

nvitrl o' mainlv in order fn Annul v fiAfcrnlmrhml dntii. 


fWSfb hiiido mainly in ordor to supply astrological data* 

At present the end and objeot of astronomical study Is ohtefly 
knowledge pure and^implo j so far as now appears, Its clevolopmoh^ f 







ns aro continually arising from pliysioal, ohomloal, n»sj| 
discoveries, though of course It would bo rashto 
growths afo impossible. Dnt the student of Astronomy must expect 
lits ohief profit to bo Intellectual, in tho widening of the range of 
■ thought and conception, in the pleasure attending the discovery of 
sVihblo law workliur out tho most complicated results. In tho dollglit 
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over tlio beauty and oulei levealecl by the Lolcbcopo in Hyalems other¬ 
wise invisible, m the lecogmtion of the essential unity of the mnUuml 
universe, and of the kinship between his own mind and the inflnlie 
lleason that foimcd all things and is immanent m thorn 

At tho same time it should be said at once that, even fiom the 
lowest point of view, Astionomy is far fiom a useless science r rh<^ 
ait of navigation depends foi its voiy possibility upon astronomical 
piedictiom Take away fiom mankind their almanacs, sextants, and 
oluonometcis, and commoice by sea would plastically stop. 'Flic 
science also has nnpoitant applications in the survey of extended 
regions of country, and tho establishment of bounduiies, to sn} 
nothing of tho accuialo dolcimmatlon of time and tho miawroinont 
of tho ealendm 

It need haully be said that AsLumomy is not sepauited fiom 1cm- 
dted sciences by shaip boundaiios Tt would be impossible, for in¬ 
stance, to draw a line between Astionomy on ono sido and Geology 
ami Physical Geography on tlm otlioi Main pioblonis ielating to 
tho formation and constitution of the earth belong alike to all three, 

2, Astionomy is divided into many hi audios, some of which, as 
oidinaiily recognised, ate the following, — 

1. Descriptive Astronomy, —Tins, as its name implies, is merely 
an ordorly statement of astronomical facts and principles, 

2, Fraotioal Astronomy —This is quite as much an ait as a 
soionoc, and treats of tho mstiumonts, the methods of observation, 
and the processes of calculation by which astronomical facts aro 
aseoiirtiiiLd 

h Theoretical Astronbmy, \\ hloh ticats of tho calculations of mints 
and Qiiliuiiiuldi s including tin i iTcots of so-called “ pGrUnbaMons*” 

l Mechanical Astronomy, which is aimph tflu application of me- 
ulifiiiiwil pimeipks tu uxplmii a^u uiuinloul l tic is luhiclytho plnnotniv 
mid luma tnofioiibj It is eomotimra called Ch ainlaiicnn.il Asti onoiuv . 
liucniHu, with fuw cxcephuiiK, girivitation is tlm only foico buii^lbly 
unherini.il in tho motions ut tlm Imairiih bodius Uml! within thhl\ 
uais this hirmih ol tin seknou wns g^iiuially designated as Pfottnn) 
A»tn imuir/, hut liic tune is now ohkctinnnblo bcdaiiBc of into it haa 
been iii-rtd b\ many wiitus to vknotu a \eiy diffuicnt and compnia- 
tlvuh ik w luaiioli of Lli soionec , vi/ ,— 
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5. Astronomical Physios, or Astro-physios. — This treats of Um 
physical eharaotdristicB of the heavenly bodies, thoir brightness n ml 
spectroscopic peculiar!ties, thoir temperature and radiation, the iiul.ii rn 
and condltlou of thoir atmospheres and surfaces, and all phoiunnctm 
which Indicate or depend on thoir physical condition. 

fi. Spherical Astronomy, — This, discarding all consideration of 
absolute dimensions and distances, treats the hcuvonly bodies simp! V 
as objects moving on the u surface of the celestial sphere” i It bun to 
do only with angles and directions, and, strictly regarded, is In fact 

merely Spherical Trigonometry implied to Astronomy. 

* ’ ' 

3. The above-named branches are not distinct and separate, bill, 
they overlap in all directions. Spherical Astronomy, for instance, 
finds the demonstration of many of its formula* in Gravitational 
Astronomy, and tliolr application appears In Tluioretleul and Brim- 
tlcal Astronomy. But valuable works exist bearing all the riift’urunli 
titles indioatod above, and it is im[>ortanb for the student to know 
what subjects ho may oxpoofc to find discussed In each; for UiIh 
reason it has scorned worth while to mono and deline the several 
brunches, although they do not distribute tlm science between them 
in any strictly logical and mutually exclusive manner. 

In the presont text-book little regard will be paid to these sub¬ 
divisions, sinco tho object of the work is not to presont a complete 
and profound discussion of the subject such as would bo demanded 
by a professional astronomer, Imt only to give so much knowledge of 
tlio facts and such an undersUmding of the principles of tho science 
as may fairly be considered essential to a liberal education. IT this 
roeuU Is gained in the,render^ ease, it may easily happen that tin will 
wish for more than ho can llnd in those pages, and then he must have 
recourse to works of a higher order and far more dlllloult, dealing 
with the subject more in clotail and more thoroughly. 

To mastm; the present hook no further preparation is necessary 
tlmiiu very elementary knowledge of Algebra, Goonjolry, and Trigo¬ 
nometry, and a similar acquaintance with Mechanics and Physios, 
especially Optics. While nothing short of high mathematical attain* 
monta will enable one to become eminont In the science, yet a pmToul 
comprehension of nil its fundamental methods and principles, and u 
very satisfactory acquaintance with its main results, Is quite within 
tho roach of ovory person of ordinary Intelligence, without any morn 
oxtonsivc training than may lie hud in our common schools. At tho 
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same time the necessary statements and domonst] 
facilitated by tho use of trigonomotiieal Unma ill 
would be unwise to dispense with them entirely h 
by pupils who have ahoiuly become acquainted wit 
In discussing tho different subjects which prose 
writer will adopt whatever plan appeals best fittc 
student deal and definite ideas, and to impress th 
Usually it will bo best to pioceed in tho Kuclati 
stating tho fact or piinciplc in question, and tj 
demonsti ation But in some cases the inverse pu 
aud the conclusion to be reached will appear gi 
itself as the losult of tho observations upon which 
its discoveiy came about, 

The hequent lefeicnces to “ .Physics" infer to 
Text-Book of Physics," by Anthony A BuidvoU, 
Wiley A Sons, N,Y< 
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CHAPTER I. 

TFIIQ “DOCTRINE OF THE SPHERE,” DEFINITIONS, AND GENERAL 
*’ CONSIDERATIONS. 

Astronomy, like all the other sciences, has a terminology of its 
own, and uses technical terms in the description of its facts aucl 
phenomena. In a popular essay It would of course bo proper to 
avoid such terms as. far ns possible, oven at the expense of circum¬ 
locutions and occasional ambiguity ; but In a text-book it Is desirable 
that fcho roader should bo Introduced to the most important of them 
at the very outsot, and made sufficiently familiar with thorn to ubo 
them iutolllgontly and accurately. 

4. The Celestial Sphere,—-To an observer looking up to the 
heavens at night lb socmans if the stars were glittering points attached 
to tho inner surface of a dome ; since wo have no diroot perception of 
their distance there is no reason to imagine some nearer than othore, 
and so wo involuntarily think of tho surface as spherical with our¬ 
selves in its centre. Or if wo sometimes foci that tho stars and 
other objects in tho sky roally diffor in distance, wo still instinctively 
imngino an immense sphere surrounding and enclosing all. Upon 
this sphere wo imagine linos and circles traced, resembling more or 
less tho meridians aiid parallels upon the surface of tho earth, and 
by reference to those circles we are able to describe intelligently tho 
apparent positions and motions of the hoavonly bodies, 

This celostiat sphere may be regarded in cither of two different 
ways, both of which are correct and load to identical results. 

(«) We may imagine it, In the first place, as transparent, and of 
merely finite (though undetermined) dimensions, hut in soma way 
ho attached to , and connected withy the observer that his eye always 
remain8 at its centre wherever he goes. Each observer, In this way 
of viowing it, aavrfoB his own sky with him, and is fcho oenfcro of his 
own heavens. 

(b) Or, in tho second place, — and tills is generally tho more con¬ 
venient way of regarding tho matter, —we may consider tho celestial 
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splieio as mathematically mjinite in its dimensions, thou, let the 

observer go whoie ho will, ho cannot sensibly get away fiom Us 

centio. Its lading being i4 greatei than any assignable quantity,” 

the si/e of continents, the diameter of the caith, the distance of the 

sun, the orbits of planets and comets, oven the spaces between the 

stars, aie all insignificant, and the whole visible umveiso chunks 

relatively to a meie point at its eontic In what follows we shall use 

this conception of the celestial spheio 1 

Tlie appaicut place of any celestial body will then be the point 

on the celestial sphcie whete the hue diawn fiom the eye ol the 

obsoivei m the dnection m winch ho sees the object, and pioduml 

indoAniLoh, pieices the sphere- Thus, m Figuio 1, A> JI, O iuo 

the appaiont places of a, ft, and *» 

the obsoivei being at 0 Tho appai- 

ent place of a heavenly body evidently 

depends,solely upon its direction* am i 

is wholly independent of its djM mM 

fiom tho obsoivei, 

A -— 

5 Linear and Angular Dimensions 
— Lmeal dimensions aie sucli as may 
lie expressed m linear units; i o , ill 
miles, feet, or inches, m moties oi 
imUimeties Anguhu dimensions arc 
expiesscd m angular units, i*c , m 
light angles, in ladiana, 2 oi (more commonly m astronomy) m do* 
glees, minutes, and seconds. Thus, for instance, the linear sonu- 



1 To most poisons the sty appeals, not a true hoimspjieic, but a flattened vault, 
as if the hoiizou weio moie lemote than the rentth This is a subjectin' eliect 
1 duo mainly to the mteiveiling objects between us and the hoii/on The sun and 

f i moon when using oi setting look much largoi than when tliey aui higliei up, for 

tho same mason 

1 2 A tadian is the angle which is measured by an arc equal in length to radius 

Since a circle whose iftdius U unity has a circumfeiente of 2 tt, and contains 300°, 

1 or 21,000', oi 1,200,000", it follows that a ? admn contains j > or oi 

^12^000y' ; % e (ft p pi0X1Wft tely), a Indiana 67 8°«3437 7'-2002018" Hence, 

1 } to reduce to seconds of arc an angle cxpiessed in Indians, we imr>t multiply 

i l it by the number 200261 8, a relation of winch we shall have to make frequent 

1 I use 

| Sec IlalsteiVs Klensumtion, p 25 

i I _ 

i 
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diamotor of the Bun is about 607,000 kilo motors (483,000 miloH), 
while its angular semldlnmetcr is about 10', or a little move than 
a quarter of a degree. Obviously, angular units alone can properly 
bo used in describing apparent distances and dimensions in llio sky. 
For instanco, one caunot say correctly that tho two stars which are 
known as “the pointers” are two or flvo or ton feel apart: tholr 
distance is about five degrees. 

It Is somotimes convenient to speak of “ angular area,” tho unit 
of which is a “ aquaro degree ” or q “ square minute ,f ; i.e., a small 
square in the sky of which each side is 1° or 1', Thus wo may com¬ 
pare the angular area of the constellation Orion with that of Taurus, 
in square degrees, Just as wo might compare Pennsylvania and Now 
Jeraoy in aquaro miles. 

0. Relation between the Distance and Apparent Size of an Object. 
— Suppose a globe having a radius BO equal to r. As soon from 


n 



Flo. 2. 


the point A (Fig. 2) its apparent ( i.eangular) somidiametor will 
be J3AO or s, its dlstauoo being AO or R. 

We have immediately from Trigonometry, Binco B ia aright anglo, 

. r 
sin s ~ • 

R 

If, as is usual in Astronomy, the diameter of the object is small 
as compared with its distance, we may write 



which gives a in radians (not in degrees or seconds). If we wish U 
in tho ordinary angular units, 

«° -67.84 or s" = 200264.8 

it it 

In either form of tho equation wo see that tho apparent diameter 
varies directly as the linear diameter, and inv&'aely as the distance. 




! 

i 






8 DEFINITIONS AND GENERAL CONSIDERATIONS, 

In the ease of the moon, 11 = about 239,000 miles , and r, 1081 
miles Ilenco =: — —Jr a iadian^ which is a little moio 

than \ of a degiec 

It may bo mentioned licio as a lathci curious fact that most poisons say 
that the moon appeals about a foot in diameto ; at least, this seems to 
be the avoiago estimate Tins implies that tho amfaco of the sky appeals 
to them only about 110 feet away, smeo that is the distance at which a char 
one foot in diametoi would have an angulai diametei of pfo of a ladwn, oi £°, 

7, Vanishing Point — Any system of paiallel lines produced in 
one direction will appeal to pierce the celestial spheio at a single 
point, They actually pieicc it at different points, separated on tho 
suifaco of the sphere by linear distances, equal to the actual distances 
between the lines, but on the infinitely distant surface theso linear 
distances, being only finite, become invisible, subtending at the conlio 
angles less than anything assignable, The difteienl points, therofoio, 
coalesce into a spot of appaiently infinitesimal size — the so-called 
“vanishing point” of perspective. Thus tho axis of the earth and 
oil lines pamllel to this axis point to the celestial pole. 


In older to describe intelligibly the apparent position of an object 
in the sky, it is neccssaiy to have ceitain points and lines from which 
to leckon We pioceod to define some of those which are most 
frequently used, 

8 The Zenith, — The Zenith is the point vertically overhead , i,e , 
tho point whcie a plumb-line, produced upwards, would picico the 
sky: it is determined by the dneUion of gravity where tho observer 
stands f 

If tho caith weie exactly spherical/ tho zenith might also bo de¬ 
fined as the point where a line drawn fiom the centte of the earth up - 
imd though the observer meets the sky. But since, as wo shall sec 
hoieaftoi, the eaifch is not au exact globe, this second definition indi¬ 
cates a point known as tho Geocenkic.-Zem th* which is not identical 
with the True or Astronomical Zenith determined by tho duccLion of 
gravity 

9, The Nadir, — The Nadir is the point opposite tho zenith — 
under foot, of course, 

Both zenith and nadir are denved fiom the Aiabic, which languages 
has also gryen us many other astionomical teims 


lJlfiJflMTIONS AND GRNKUAL CONBlDftUATLONS. 


10. Horizon,—Tho Horizon 1 la a grout oholo of the celestial 
sphere, having tho zenith and mullr ns its polos: it is therefore 
half-way botwcon them, and 110° from each. 

A horizontal plane, or tho plane of the horizon, ia u plums perpend iou- 
luv to tho direction of gravity, and tho horizon may also bo correctly 
defined ns tho intersection of tho celestial sphere by this plane. 

Many writers mako a distinction between the sensible and rational 
horizons. Tho piano of tho sousiblo horizon pa Bscs through the 
obaorvor; the, piano of tho rntionnl horizon passes through tho centre 
of tlio earth, parallel to tho phuio of the sensible horizon: these two 
planes, parallel to each other, and every whom about 4000 miles 
apart, trace out on tho sky tlio two horizons, tho sensible and tho 
rationali It is evident, however, that on tlio iufinitdy distant surface 
of tlio colesfclal sphere, tlio two traces sensibly eotilosep into one singlo 
groat cirolo, which is the horizon as first defined. In strictness, 
thoroforo, while wo can distinguish betwe en tlio two hori zontal planes, 
‘ wo got but one horizon circle in tho sky. 


11. The Visible Horizon la tho line where sky und earth meet. 
On laud it Is an irregular line, broken by hills and trees, and of no 
astronomical valuo; but at sea it is a true circle, and of great im- 
portanoo in observation. It is not, however, ft great circle, but, 
toahnloally speaking, only a small oircle; depressed below tlio truo 
horizon by an amount depending upon tlio observer^ elevation abovo 
tho water. This depression is ended the Dip of the Horizon , and will 
be dismissed further on. 




12. Vertioal Circles/—Those are great, circles passing through 
tlio zenith and nadir, and thoroforo necessarily perpendicular to tho 
horizon— secondaries to it, to use tho technical term. 

Parallels of Altitude, or Almuoantars.—These uro small circles 
parallel to tho horizon: the term Almuountur Is seldom used. 

Tho points and clrolos thus far defined are determined eutiroly by 
the direction of gravity at the station occupied by tho observer. 


13, The Diurnal Rotation of the Heavens.—If one watches tlio 
sky for a few horn’s Borne night, ho will find that, while certain stars 
rise in the east,, others set in the west, and nearly all the constella¬ 
tions olmngo their places, Watching longer and more closely, it will 

i Beware of the common, but vulgar, pronunciation, Hdrtzon. 
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appear tlwfc Uio slais move in ouoles, unifonnly, m suuh ft wny ah 
not to clistuib thoir lelakvo oouliguiatiouB, bat ah if ilioy weir 
alLaohed to the rnnoi euifsoe of a roiolving Bphoio, turning on 1(4 
axis once a day Tho path thm daily doecubcd by n hUu xa called its 
“ thu}R(U uuJe 11 

It is soon evident Hint in om latitude tlio \nsiblo “polo ” of tins 
spliaro— the point about winch It tmuu— ib in tlio noiUi, not quite 
half-way up fiom Uio lioiuon to the ionith, for in that lagion lliu sUub 
haidly move at ill, but keep then planes all mgbt long. 

14 The Pole* — Tlio Poles may bo detmod aa tho two points in tlio, 
sky, one in Uie noithem homisphoio and ono in tlio bouthein, whole a 



*a?*i rtuoaaf chde ?«I«cos to mo, i r , points whaio, if a ptor woio 
placed, it would enffer no appaient change of plaoe during the whole 1 
twenty-four home Tlio line joining these polos ib, of ooqjbc, tho 
avii of tho oekbUol sphoie, about whioh it Beams to lotate daily. 

The o^aofc plane of the polo may ho (bond by ohsei ving some stai 
veiy noar the pole at two tunes 19 home apail, and taking tho middle 
point between the two obseivod places of the star 
TTie definition of the pole Just given is independent of anv theory 
as to the oaose of the appaient lotabon of the heavens If, bow 
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over, wc rulmifc that it is duo to tho earth's rotation on its axis, then 
wo nmy do lino t ho polos aa tho ifoinfs where the earth's axis produced 
pierces the celestial sphere. 

10. The Polo-star (Polaris).—Tho place of tho northern polo in 
very conveniently marked by the Pole-star , a star of tho second mag¬ 
nitude, which is now only about l\° from tlio polo: wo say «wo, be¬ 
cause on account of a slow change tn the direction of tho earth's 
axis, called “j yccQBsion ” (to be discussed lator), tho distanco be¬ 
tween tho pole-star and tho pole is constantly changing, and has been 
for several centuries gradually decreasing. 

Tho pole-star stands comparatively solitary in the sky, and may 
easily be reoogulzed by moans of the so-called 41 pointers, ”—-two 
stars In tho 44 dipper” (in tho constellation of Ursa Major) — which 
point very nearly to it, as shown In Fig. 8. Tho polo is very nearly 
on tho lino joining Polaris with tho star Miznr (£ Urs. MaJ., at the 
bend in the handlo of the dipper), and at a distanco/juat about ono- 
quartor of tho distance betwoon the pointers, which arc nearly 5° 
apart. 

Tho southern polo, unfortunately, is not bo marked by any oon- 
spicnoUB star. 

10. The Oeleatial Equator, or Equinoctial Oirole.—This is a great 
circle midway botwoen tho two polos, and of course DO 0 from oacli. 
It may also be defined as the i ntorseotion of the piano of tho onrth's 
oquator with tho celestial spher e. It derives its name from tho fact 
that, at tho two dates in tho year when tho sun crosses this circle — 
about March 20 and Sept. 22 — tho day and night arc equal in length. 


17. The Vernal Equinox, or lirat of Aries. — The Equinox, strictly 
speaking, is the time when the sun crosses the equator, but tho term 
has coma by accommodation to denote also the .point where -it'crosses, 
though in strictness it should bo oallecl tho "Equinoctial Point," 
This crossing occurs twice a year, once in September and oneu in 
March, and tho Vernal Equinox is the point on the equator where 
the sun crosses it in the spring. It is sometimes called tho Green* 
wick of the Celestial Sphere ^ b ecause it is used ubu ruforcnco point 
in tho sky, much as Greenwich Is on tho earth, Its position is not 
marked by any conspicuous Btar. 

Why this point is also called the “ First o f AijcjiT will appear 
later, when wo como to speak of tho zodiac and its 44 signs.” 
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18. Hour-Circles. -r Ilour-circlcs are groat cirolos of the cokwtiul 
sphere passing through its poles, and consequently perpendlonhir 
to the celestial equator. They correspond exactly to tho meridians 
of the earth, and some writers call them “ Celestial Meridians” ; hut 
the term is objectionable, as likely to lead to confusion with thv 
Meridian, to be noted immediately. 


19. The Meridian and Prime Vertical. — The Meridian is the great 
circle passing through the pole and the zenith . Sinco it is a grout 
circle, it must necessarily pass through both poles, and through tin* 
nadir as well as the zenith, and must be perpendicular both to the 
equator and to the horizon. 

It may also be correctly defined as the Vertical Circle which paflwuti 
through the^ofe; or, again, as the Hour-Circle which passes through 
the zenith } since all vertical circles must pass through the zenith, arid 
all hour-circles through the pole. 

The Prime Vertical is the Vertical Circle (passing through the? 
zenith) at right angles to the meridian; hence lying east and went 
on the celestial sphere. 

20. The Cardinal Points.—The North and South Points aro tins 
points on the horizon where it is intersected by the meridian. Tho 
East and West Points are where it is cut by the prime vertical, and 
also by the equator. The North Point , which is on the horizon, must« 
not be confounded with the North Pole , which is not on tho horizon, 
hut at au elevation equal (see Art. 30) to the latitude of the observer. 


With these circles and points of reference we have now the metina 
to describe intelligibly the position of a heavenly body, in sovoml 
different ways, 

AVe may give its altitude and azimuth , or its declination and hour- 
angle; or, if we know the time, its declination and right ascension. 
Either of these pairs of co-ordinates, as they are called, will define 
its place in the sky. 

21, Altitude and Zenith Distance (Fig. 4).— The Altitude of a 
heavenly body is its angular elevation above the horizon^ and is meas¬ 
ured by the arc of the vertical circle passing through the body, and 
intercepted between it and the horizon. 
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The Zenith DLstnuce of a body is simply its angular dtatanco from 
tho zoulthf aud Is the complement of tho altitude, Altitude + Zenith 
Dlatnuco = 90°. 

22. Azimuth and Amplitude (Fig. 4).—Tho Azimuth of n body 
la tho angle at the zenith, between the meridian and tho vertical circle > 
which passes through the body. It is measured also by tho arc of tho 
horizon intercepted between tho north or south point, and tho foot 
of tills vortical. Tho word is of Amble origin, and has tho aamo 
moaning aa tho true bearing In surveying and navigation. 


z 



O t ilia placo of U10 Obwrvcr. 
OX, ilio Obflorvcf'a YorlUml. 
Z ) the ZduIIIu 1 \ Uio Polo. 
&KNW, Iho Horizon. 

SZPH, iho Morldlnn. 

RZW, ilio Prlmo VortlORl. 


uomu Hlur, 

nro of ilio Htur’B Vorilonl OIrolo, 

TMIl, tho Hlflr’i Alnuicftntnr, 

An«lu TZM, or uro Kir-Y/f//, Hlur'* Azimuth, 
Am IlM, Hlnr'a Attitude. 

Aro ZAr, HtnriB Zenith Distance. 


The Amplitude of a body is the complomont of the azimuth. 
Azimuth + Amplitude » 90°. 


There avo various ways of rnokonlng azimuth. Many writers express it 
in tlio same manner ns the hearing is expressed In surveying! i.e., so many 
degrees east or west of north or south; N, 20° K., eto. The rnoro usual 
way at present In, however, to reckon it in dogreos from the south point oloar 
round through the west to the point of beginning! thus an objoot in the 
S\V. would have au azimuth of d5°; in Lho NW., 1115° | in the N., 180°; in 
Die NIC., 225°; and in the SK. # J11G U . For example, to Hud a star whose 
azimuth is 200°, and altitude (10°, we must Face N. 80° E,, and tlion look 
up two-thirds of tho way to tho zenith. Tim object in this case lias au 
amplitude of 10° N. of E., and a zenith distance of J)0°. Evidently both 
the azimuth and altitude of a hcavonly body are mmtlmmlly changing, ex¬ 
cept in certain very special cases, 
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In Fig. 4, SENW represents the horizon, S being tho south point, 
and Z the zenith. Tho angle SZM y which numerically equals Urn 
aro SII ) is tho Azimuth of the star M ; while E7jM, or Eli > is its 
Amplitude. MU is its. Altitude, and ZM its Zenith Distance* 

23. Declination and Polar Distance (Fig. 5). — Tho Declination of 
a heavenly body is its angular distance north or south of the celestial 
equator , and is measured by the are of the hour-circle passing through 
the object, intercepted between it and the equator. It is reckoned <■ 
positive ( + ) north of the celestial equator, and negative ( —) south 
of it. Evidently it is precisely analogous to the latitude of a place 
ou the earth. The north-polar distance of a star is its angular dis¬ 
tance from the North Pole, and is simply tho complement of tho 
declination. Declination + North-Polar Distance e* 90°. 

The declination of a star remains always the same; at least, the 
slow changes that it undergoes need not be considered for our 
present purpose. “ Parallels of Declination” are small circles par¬ 
allel to the celestial equator. 

24. The Hour-Angle (Fig. 5). — The Hour-Angle of a star Is tho 

angle at the pole between the meridian and the hour-circle passing 
through the star . It may be reckoned in degrees; bub It also 

may be, and most commonly is, reckoned in hours , minutes, and 
seconds of time; the hour being equivalent to fifteen degrees, and * 
the minute and second of time being equal to fifteen minutes and sec¬ 
onds of arc respectively, 

Of course the hour-angle of an object is continually ('bunging, 
being zero when the object is on the meridian, one hour, or fifteen 
degrees,when it has moved that amount westward, and so on. 

25. Eight Ascension (Fig. 5). — The Right Ascension of a star 
is the angle at the pole between the star's hour-circle and the hour- 
circle {called the Equinoctial Qolure ), which passes through the vernal 
equinox . 

It may be defined also as the arc of the equator, intercepted 
between the vernal equinox and the foot of the star’s hour-oirclo, 

It is always reckoned from the equinox toivarcl the east; some¬ 
times in degrees, but usually in hours, minutes , and seconds of lime . 

The right ascension, Wee the declination, remains unchanged by the 
diurnal motion , 
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26. Sidereal Time (Fig. 5). — For man}' astronomical' purposes 
it is eonvouient to reckon time, itot by tlio muds position in tlio sky, 
but by that of tlio venial equinox. 

The Sidereal Time at any moment may be defined as Ike hour- 
angle of the vernal equinox . It is sidoroal noon, when the equinoctial 
point Is on tlio meridian; 1 o'clock (sidorcal) whon Its hour-anglo 
Is lf>°; and 211 o’clock when Its hour-angle Is Mfi 0 , f.e., whon the vor- 
nnl equinox Is an hour east of tlio meridian j tlio timo boing reckoned 
round through tbc whole 2-i hours. On'account of the annual motion 
of the sun among the stars, the Solar Day, by which time is reokoned 



O. jilnco of (bo Obaorvurj Z, Ii!h Kunllli. 
♦n'A'jVJJ' tlio Horizon, 

POP', Mnu immltol to tlio Axl* of tha ICarlb. 
Putu\ P\ llio l\yo Polofl of tlio Ilenvonoi 
KQ ]f"]\ tlio tJolonllul l^nuilor, or Eqiilmwllnl. 
A', Uio Vorn«l Kqulnux, or "First of Arloi." 
PXP\ (ho Kqulnootlnl Ooluro, or Zoro Hour- 
Circle, 
m, Home fllnr. 


Ym, tbu Huir'e Decltnnthn; Pm, Ha Xoi'th- 
polin' j Dlatuucc, 

Anglo m/lflmiuo (?r* Uio HUir'a (mtirtern) 
Ilour-Anplo; « 24 h »iOnu Stor'i (woal- 
orn) lIour*Anglo. 

Anglo Xl>w - nro AT, Btar’ii JUpht Ammlon. 
S Ulorcnl II niu ut llio moment -<2A minus 
nnglo XPQ . 


for ordinary purposes, la about 4 minutes longer than the sidereal 
day. The oxact difference is 8 ,n 6G\Gf>fi (sldcroal), or just ono day 
In a year; thoro being 8GG^ sidereal days in tlio year, as agalnat 
Wifi} solar days. 

27. Observatory Definition of Eight Asoension, —It is evident from 
tlio above definition of sidorcal tlmo, that wo may also dofino tlio 
Right Aeconslon of a star ns the sfdmal time when the star Grosses 
Ike meridian* The Star and the Vernal Equinox aro both of them 
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fixed points in the sky, and do not change their relative position dur¬ 
ing the sky’s apparent daily revolution; a given star, therefore, 
always conies to the meridian of any observer the sumo number of 
hours after the vernal equinox has passed ; and this number of hours 
is the sidereal time at the moment of the star's transit, and measures 
its right ascension, In the observatory, this definition of right ascen¬ 
sion is the most natural and convenient. 

It is obvious that the right ascension of a star corresponds in the 
sky exactly with the longitude of a place on the earth; terrestrial 
longitude being reckoned from Greenwich, just as right ascension 
is reckoned from the vernal equinox. 

N.B, We shall find hereafter that the stars have latitudes ami 
longitudes of their own; but unfortunately these celestial latitudes and 
longitudes do not correspond to the terrestrial , and great care is neces - 
sary to prevent confusion , (See Art, 179,) 

28. An armillary sphere, or some equivalent apparatus, is almost 
essential to enable a beginner to got correct ideas of the points, 
circles, and co-ordinates defined above, but tlio figures will perhaps 
be of assistance. 

The first of them (Fig. 4) represents the horizon, meridian, and 
prime vertical, and shows how the position of a star is indicated by 
its altitude and azimuth. This framework of ciroles, depending 
upon the direction of gravity, of course always remains apparently 
unchanged in position, as if attached directly to the earth, while the 
sky apparently turns around outside it. 

The other figure (Fig, 5) represents the system of points and 
circles which depend upon the earth's rotation, and are independent 
of the direction of gravity. The vernal equinox and the hour-circlos 
- apparently revolve with the stars while the polo remains fixed upon 
the meridian, and the equator and parallels of declination, revolving 
truly in their own planes, also appear to bo at rest in the sky, But 
* the whole system of lines and points represented in the figure (hori¬ 
zon and meridian alone excepted) may be considered ns attached 
to, or marked out upon, the inner surface of the celestial vault and 
whirling with it. 

It need hardly be said that the “appearances nro deceitful" — 
that which is really carried around by the earth's rotation is the 
observer, with his *plumb-line and zenith, his horizon and meridian ; 
while the star3 stand still — at least, their motions in a day are in¬ 
sensible as seen from the earth. 
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At llio poles oL' the earth, which arc, mathematically npoakingf, “singular” 
pointH, the duftnilioiifl of tho Meridian, of North and South, etc,, broak 
down. 

There tho polo (colostial) and zenith coincide, and any number of circles 
umy bo drawn through the two points, which have now become one. The 
horizon and equator coalesce, and tho only direction oil the enrth’s surface 
is duo south (or north) — east and wosfc liave vanished. 

A single atop of tho observer will, however, remedy tho confusion i zenith 
and polo will sopnrato, and his meridian will again become determinate. 


89. To recapitulate : Tho direction of gravity at tho point where 
the observer stands determines tho Zeuith and Nadir, tho Horizon, and 
tho Almucantars (pnmllol to the I-Iorlzon), and all tho vortlonl oirclcs. 
Ono of tho vortleals, tho Meridian^ Is singled out from tho rest by 
tho olremnstanco that it passes through tho pole of tho sky, marking 
the North and South Points where it cuts the horizon. 

Altltudo and. Azimuth (or their complements, Zenith Distance 
and Amplitude) nro the co-ordinates which designate tho position 
of a body by reference to tbo Zonith and the Meridian. 

Similarly, tho direction of the earth'a axis (which is independent 
of the observer's place on tbo earth) determines the PoleB, the 
ICquator, tho Xhirallels of Declination, and tho Hour-Circles. Two 
of these Hour-Circles are singled out os roforonco linos; one of them, 
tho Meridian, which passes through tho Zenith, and is a purely 
local roforonco lino ; tho other, tho Equinoctial Col me, which passes 
through tho Vornal Equinox, a point chosen from its relation to tho 
sun's annual motiou, Doolination and IIour-Angle are the oo-ordh 
nates which refer tho plaoo of a star to tho Polo and tho Meridian ; 
while Doolination and Bight Ascension rofor it to tho Polo and Equi¬ 
noctial Coiuro. The lattor are tho oo-ordluatos usually employed in 
Btar-oatalogiics and ophemoriAos to define tho positions of stars and 
planets, and correspond exactly to Latitude and Longitude on tho 
earth, by means of which geographical positions are designated. 

30. Eolation of the Apparent Diurnal Motion of the Sky to the 
Observer’s Latitude. — Evidently the apparent motions of tho stars 
will bo considerably inlluonced by the station of tho observer, since 
tho plaoo of tho polo In tho sky will dopend upon It, Tho Altitude 
of tho polo, or its height in degrees above tho horizon, is always equal 
to tho Latitude of llio observer. Indeed, tho Gorman word for lati¬ 
tude (astronomical) Is Polhtihe; t\c,, simply “ Pole-height," 
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This will be clear from Fig. 6. The latitude <>f a place is 
the angle between its plumb-line and the plane of the equator; the 
angle ONQ in the figure. [If the earth wore truly spherical, ST 
would coincide with (7, the centre of the earth. Tho ordinary 
definition of latitude given in the geographies disregards tho slight 
difference.] 

Now the angle 'IVOF* is equal to ONQ , because thoir aides are 
mutually perpendicular; and it is also tho altitude of the pale> be¬ 
cause the line IUV is horizontal at 0, and 0P U is parallel to J } P\ tho 
earth’s axis, and therefore points to the celestial pole. 

This fundamental relation, that the altitude of the celestial pole is 
the Latitude of the observer , cannot be too strongly impressed on tho 
student’s mind. The usual symbol for the latitude of a place is 0, 



Fia. 0, *— Relation of Latitude to Mie Elevation of Ilia Pole, 


3L The Eight Sphere.— If the observer is situated at tho 
earth’s equator, j\e., in latitude zero (0 5= o), the pole will bo in the 
horizon, and the equator will pass vertically overhead through tho 
zenith. 

The stars will rise and set vertically, aud their diurnal circles will 
all be bisected by the horizon, so that they will be 12 hours above 
it and 12 below. This aspect of the heavens is called tho Right 
Sphere. 

32. The Parallel Sphere. —If tile observer Is at the pole of tho 
earth (£ = 90°), then the celestial pole wilt be in the zenith, and 
the equator will coincide with the horizon. If ho is at the North 
Pole, all stars north of the celestial equator will remain permanently 
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above the horizon, never rifling or falling at nil, but Bailing around 
on circles of altltudo (or Ahnucantava) parallel to the horizon. 
Stars in the Southern Hemisphere, on tlio othor hand, would nover 
rise to view. As the sun and tho moon move in such a way that 
during half the time they are alternately north and south of the 
equator, they will he half the time abovo the horizon and half the 
time below it. The moon would bo visible for about a fortnight at i\ 
timo, and tho sun for six months* 

33. The Oblique Sphere (Fig. 7).— At any station between the 
polo and equator tho stars will move in circles oblique to tho horizon, 
SENW In tho figure. Those whoso distance from tho elevated polo 
is less than tho latitude of tho place will, of course, never elnk below 
the horizon, — tho radius of tho Circle of Perpelmd Apparition ” 



Ifto. 7. — TUd OblJquo Bphoro nn<l DJnrnul Oirok'B. 


as it Is called (tho shaded cap around P In the figure), bolng jnsL 
equal to the height of tho polo, and becoming largor as tho latitude 
increases. On the other lmnd, stars within the sumo dlstnneo of tho 
depressed pole will lie within tho “ Circle of Perpetual OcouUalion /' 
and.will never rise abovo tho horizon. 

A star exactly on tho ooloBtlal equator will have its diurnal circle 
PjQWQ 1 bisected by tho horizon, and will bo above the horizon just 
as long as bolow it. A star north of the equator (If tho North Polo 
is tho elevated one) will have more tlmn half of Its diurnal elrolo 
abovo tho horizon, and will bo visible more tlmn half tho time; as, for 
instnneo, a star atyli and of course tho reverse will be true of stars 
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on the other side of the equator. 1 Whenever the sun is north of 
the equator, the day will therefore bo longer than the night for alt 
stations in northern latitude: how much longer will depend both on 
the latitude of the place and the sun’s distance from the celestial 
equator. 


1 A Celestial. Globe will be of great assistance in studying these diurnal circles. 
The north pole of the globe must be elevated to an angle equal to the lntitiulo of 
the observer, which can be clone by means of the degrees marked on tho brass 
meridian. It will then at once be easily aeon what stars never set, which ones 
never rise, and during what part of the 24 hours any heavenly body at a known 
distance from the equator is above or below the horizon. 
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CHAPTER IK 

AHTHONOMUJAL TNSTUUMKNTH. 

34. Asthoxomical obnervationH are of various klmln ; Homotlmca 
wg dcBlro to nacoituiit the apparent dUtaiico between two bodies at ft 
given time ; aomotlmoa tho position which a body ocuupiea nt a given 
time, oi’ ibo moment it niTivoa at u given circle of tho nicy, unimlly 
the meridian. Somofclmon wo wish movoly to oxamino its surface, to 
measure Its light, or to im'osjjgalo its spectrum; and for all tlieBO 
purposes special Instruments havo boon devised, 

Wo propose In this ohaptor to describe very briefly a few of tho 
most Important 

35. Teleaoopes In General.—Tolosoopos arc of two kinds, refract¬ 
ing and roflociting. The former wore first invontod, and aro lmioh 
moro used, but tho largest Instruments ovor mado are reflectors. In 
both the fundamental principle is tho samo. Tho largo lens, or mir¬ 
ror, of tho Instrument forms at its foous a real imujo of tho object 
looked at, and this Imago is then examined and magnified by tho oye- 
plcoo, which in principle la only a magnlfylng-glaBa, 

In tho form of teleacopo, however, Introduced by Galileo, 1 and still um»d 
a# tho “opera-glass,” tho rays from tho objeob-gla-Bs aro intercepted by a con¬ 
cave Ions which performs tho ofheo of an oye-picoo lefora they moot at the 
foous to form the "real image.” Hut on account of tho Htimllnmt of llio 
field of view, and other objootions, thin form of telescope Is never used when 
any considerable power in needed. 


1 Tu sirloin cun, Guillen did not invent the loloscope, Its jirsl Invention 
Booms to luvvo boon In 1008, by Lipporhoy, a Bpoetaolc-ihftkcr of Middle burg, 
In Holland j though tho honor him also boon claimed for two or three othor 
Hutch optlcInnH. Galileo, in Ills "Nundua flyderous,” publ I wlied In March, 
1010, hlmaclf snys Hint he had heard of the Dutch Instruments In 1000, and 
by so hearing was led to construct hie own, which, liowover, far excelled In 
powor jiny llmt had boon mado previously; and ho was the Oral to apply 
tho telescope to Astronomy, flee Grant 1 !! ”History of Astronomy,” p|>, 514 
an.d Boqq. 
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36 Simple Refracting Telescope —Tins consuls cKsontmlly ns 
shown m the flgme (Fig 8), of a tube containing two lenses 4 n single 
convex lens, A, called the object-glass; and anolhoi, of smaller sue 
and shoit focus, B, called the eye-piece* Recalling the principles ol 
lenses Hie student will see that if the nistiument bo directed at a dis¬ 
tant object, tho moon, for instance, all the lays, <vq« a , which fall 
upon the object-glass fiom a point at tho lop of tho moon, will l)* 1 
collected at a m the focal plane, at the bottom o( the image* 8nm- 
laiiy lays fiom the bottom of the moon will go to b at the lop of the 
image, moieoyei, since the lays that pass through the optical contio 
of the lens, o, aio undeviated, 1 the angle rf„o^ 0 Mill equal boa\ ot, m 
other woids, if the local length of tho Ions bo fho leet, for instance, 
then the imago of tho moon, seen fiom a distance of fivo feet, will 
appear just as luge as the moon itself docs in the sky,—it will 
subtend the same angle* If we look sat it fiom a smallci distance, 



say fiom a distance of one foot, the image will look laigci than the 
moon , and in fact, without using an cyc-picco at all, a pel son with 
notmftl eyes can obtain consideiablc mngmlymg power fiom tho 
object-glass of a laige telescope With a Ions of ten feet focal 
length, such as is oulimmlv used in an 8-inch telescope, one can 
easily see the mountains on the moon and tho satellites of Jupitci, 
by taking out the eye-piece, and putting the eye m tho lino of vision 
some eight oi ten inches back of tho eye-piece hole 
The image is a leal one; ? e , the rays that com© horn dilLcient 
points in the object actually meet at coiresponding points in tho im¬ 
age, so that if a photogiapluc plate weie insetted at ah, and prop 
oily exposed, a picjiuie would be obtained* 

If we look at the image with tho naked eye, we cannot come neiuei 


1 In this explanation, we use the approximate theory of lenses (In winch theh 
thickness is neglected), as given in the elementary text-books The inoio exact 
theoiy of Gauss and later m iters would require some slight modifications in out 
statementSj hut none of any material unpoitancc 3?or a thorough discussion, 
see Jamin, « Trmtd de Physique?* or Encyc Bntannica,*—Optics 
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to tho image (unless near-sighted) than eight or ton inches, ancl -bo 
oannot get any groat magnifying power; but if wo uao a magnify¬ 
ing-glass, wc can approach much closer. 

37. Magnifying Power. — If tho oye-pioeo B is sot at a distance 
from tho imago equal to its principal focal dtatanco, thou any pencil of 
rays from any point of tho imago will, after passing tho lens, he con¬ 
verted Into a parallel beam, and will appear bo the eye to come from 
a point at an infinite distance, ob if from an object in tho sky. The 
rays which came from the top of the moon, for instance, and arc col¬ 
lected at a In tho image, will roach tho eye ns a beam parallel to the 

• line ao, which connects a with the optical centre of tho eye-piece. Simi¬ 
larly with the rays which meet at h. The observer, therefore, wlH 
hoo tho top of tho moon’s disc in tho direction eft, and the bottom in 
tho direction d. It will appear to him inverted, and greatly magni¬ 
fied j its apparent diameter, as scon by tho naked oyo and measured 
by tho anglo aob (or its equal ^oa 0 ), having been increased to acb. 
Since both these angles nre subtended by tho same lino ab ) and nro 
mall (tho figure, of course, is much out of proportion), they must 
be inversely proportional to tho distance oh and cb ; i\c., boa ; Iwa = 
obi ob ; or, putting this into words: Tho ratio botwoon the natural 
apparent diamotov of tho object, and its diameter ns seen through the 
tolosoope, 18 cfpml to the ratio betioeen the focal lengths of tho eyo- 
lens and object-glass. Tills ratio is called tho magnifying power 
of the telescope, and is therefore given by tho simple formula 

= y) where F is the focal length of the objcot-gloss and f that of 

oye-plooe, 1 while M is tho magnifying power. 

If, for example, tho object-glass have a foaal length of thirty foot, 
and the oye-pieoe of one inch, the magnifying powor will bo flfiO ; the 
powor may bo olmngod at pleasure by substituting different oyo- 
piooes, of whioh every largo telescope has an extonaivo stook. 

38, Brightness of Image. — Since all the rays from a star which 
fall upon tho largo object-glass arc transmitted to tho observer’s eye 
(negleotlng the losses by absorption and refioellon), lie obviously ro- 


1 A magnifying powor of 1 Is no magnifying power at all. Object ami Image 
subtend equal angles, A magnifying power denoted by a fraction, Hay \ t would 
bo a minifying power, making the object look BuniHur, ns when we look nt mi ob- 
joct through tho wrong end of a spy-glass, 
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ceives a quantity of light much greater than he would naturally got; 
as many times greater as the area of the object-lens is greater than 
that of the pupil of the eye. If we estimate this latter as having a 
diameter of one-fifth of an inch, then a 1-inch tolescope would in¬ 
crease the light twenty-five times, a 10-inch instrument 2500 times, 
and the great Lick telescope, of thirty-six inches* aperture, 82/100 
times, the amount being proportional to the square of the diameter 
of the lens. 

It must not be supposed, however, that the apparent brightness of 
an object like the moon, or a planet which shows a disc, is increased 
in any such ratio, since the eye-piece spreads out the light to covor a 
vastly more extensive angular area, according to its magnifying 
power; in fact, it can be shown that no optical arrangement can 
show an extended surface brighter than it appears to the naked 
eye. But the total quantity of light utilized is greatly increased 
by the telescope, and in consequence, multitudes of stars, far too 
faint to be visible to the unassisted eye, arc revealed ; and, what ia 
practically very important, the brighter stars are easily seen by day 
with the telescope. 


39, Distinctness of Image,—This depends upon the oxactncns 
with which the lens gathers to a single point in the focal imago all 
the rays which emanate from the corresponding point in the objeot. 
A single lens, with spherical surfaces, cannot do this very perfectly, 
the aberrations ” being of two kinds, the spherical aberration and 
the chi omatic. The former could be corrected, if it wore worth while, 
by slightly modifying the form of the lens-surfaces; but the latter, 
which is far more troublesome, cannot be cured in any such way. 
The violet rays are more refrangible than the red, and come to a 
focus nearer the lens; so that the image of a star formed by such 
a lens can never be a luminous point, but is a round patch of light 
of different color at centre and edge. 


40. Long Telescopes, — By making the diameter of the lens von 
Miia ns compaie with its focal length, the aberration becomes less cotv 
spicuous; and factors were used, about 1000, having a length of more than 
100 feet and a diameter of five or six inches. The object-glass was mounted 
wJhVni° n • t gh f^ and the Apiece was on a separate stand below. 

m U 1 “TW" 0f Six inch <* allure and 120 feet focus, 

Huyghens discovered the rings of Saturn. His object-glass still exists ami 
is preserved m the collection of the Royal Society in London, 
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41. The Achromatic TeloBCope,—The chromatic aberration of a 
lens, uh lias been said, cannot bo cured by any modification of the lens 
itself; but it was discovered in England about 17fi0 that it can be 
nearly corrected by making the object-glass of two (or more) looses, 
of different kinds of glass , one of the lenses being convex and the 
other concave* The convex lens is usually, made of crown glass, the 
concave of flint glass. At the same time, by properly choosing the 
curves, the spherkul aberration can also bo destroyed, so that such a 
compound object-glass comes reasonably near to fulfilling Lha con¬ 
dition, that it should gather to a mathematical point in the imago all 
tho rnys that reach the object-glass from a single point in the object, 

Those object-glasses admit of a considerable variety of forms. Formerly 
they were gonorally mado, as in Fig. 0, No, fi, having the two lenses close 
together, and tho adjacent surfaces of the same, nr nearly tho same, curva¬ 
ture. U\ small object-glasses tho lenses are often oemontod together with 
Canada balsuin or somo othor transparent madlum, At present soino of tlio 
best makers separate tlio two lenses by a oonsiderablo distance, so as to 
admit a free circulation of air between them; in tlio Pnlkowa and Prince¬ 
ton object-glasses, nonstnieted by 
Clark, the lenses are sovon inches 
apart, and In the Lick telescope six 
and a half inohofi; ns in No. 1. In 
a form devised by Gauss (No, 2), 
which has somo advantages, but is -T)in^ro^For,^ Mk, Aoliro^nuo 

difficult of construction, the ourvos 

are vory deep, and both the lenses are of watch-glass form — coneavo on mio 
side and oonvox on tlio othor. In all those forms tlio crown glass is outside; 
S to in hoi 1, Hostings, and others hove constructed Iguros with tho flint-glass 
Ions outside. Objoet-glassos-aro sometimes made with three lenses Instead 
of two; a slightly bettor correction of aberrations oan be obtoinod in thin 
way, but tho gain is too small to pay for tho extra oxponso and loss of light. 

42. Secondary Spectrum.—It is not, liowcvor, possible with tho 
kinds of glass at present available to socure a perfect correction of tho 
color. Our best achromatio Iojibos bring tlio yellowish groon rnys to 
a focus nearer the lens than they do tho rod aiid vioiot. In conse¬ 
quence, tho Image of a bright star is surrounded by a purple halo* 
which is not vory notiooftblo In a good toleBCopo of small size, but 
is very conspicuous and troublesome In a largo Instrument, 

'This imperfection of achromatism malcoB it unsatisfactory In use an ordi¬ 
nary Ions (visually aorrectud) for astronomioal photography. To At it to 
make good photographs, it must either bo specially oorreotud for the rays 
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that are most effective in photography, tho blue and violet (in which case it 
will he almost worthless visually),or else a subsidiary Ians, known as a “pho¬ 
tographic corrector,” may be provided, which can be put on in front of tho 
object-glass when needed. A now form of object-glass, devised independ¬ 
ently by Pickering in this country and Stokes in England, avoids the necessity 
of a third lens by making tho crown-glass lens of such a form that when 
put close to tho flint lens, with the flatter side out , it makes a perfect object- 
glass for visual purposes; but by simply reversing the crown Ions, with the 
more convex side outward, and separating tho louses an inch or two, it be¬ 
comes a photographic object-glass. A 13-inoh object-glass of this con ac¬ 
tion at Cambridge performs admirably. ( M 

Much is hoped from the new kind of glass now being made at Jfina. In 
combination with crown glass it produces lenses almost free from chromatic 
aberration, and if it can bo produced iu homogeneous pieces of suflicioiil 
size, it will revolutionize the art of telescope making. 

43. Diffraction and Spurious Disc.— Even if a Ions wore perfect 
as regards the correction of aberrations, the 4 * wave” nature of light 
prevents the image of a luminous point from being also rt point; the 
image must necessarily consist of a central disc y brightest in tho cen¬ 
tre and fading .to darkness at the edge, and this is surrounded by a 
series of bright rings, of which, however, only the smallest one is 
generally easily seen. The size of this disc-ancl-ring systom can ha 
calculated from the known wave-lengths of light and the dimensions 
of the lens, and the results agree very precisely with observation. 
The diameter of the “ spurious disc” varies inversely with tho aper¬ 
ture of the telescope. According to Dawes, it is about 4'\fj for a 
1-iuch telescope ; and consecpieutly 1" for a 4^-inch instrument, 0 ir J> 
for a 9-inch, and so on. 

This circumstance has much to do with the superiority of largo instru¬ 
ments in showing minute details. No increase of magnifying power on it 
small telescope can exhibit things as sharply as the same power on the larger 
one; provided, of course, that the larger object-glass is equally perfect in 
workmanship, and the air in good optical condition. 

If the telescope is a good one, and if the air is perfectly steady, — which 
unfortunately is seldom the case, —the apparent disc of a star should bo 
perfectly round and well defined, without wings or tails of any kind, having 
around it from one to three bright rings, separated by distances somewhat 
greater than the diameter of the disc. If, however, the magnifying power 
is more than about 60 to the inch of aperture, the edge of the disc will begin 
to appear hazy. There is seldom any advantage in the use of a magnifying 
power exceeding 75 to the inch, and for most purposes powers ranging from 
20 to 40 to tho inch arc most satisfactory. 
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44. Eyo-Pieoes. —For muiiy purpose*), na for inaliuice Lho examina¬ 
tion of uloHo double atura, there is no bettor oye-pleec tlmn the simple 
convex lens ; but it performs well only when the object is exactly in 
the centre of the Held. Usually it is boat to omploy for tho eye-piece 
a combination of two or more lenses which will glvo a moro exton- 
bivo field of yiow. 

Eye-pieces belong to two classes, tho positive and tho negative. TJie 
former, which are much moro generally, useful, aot as simplo magnify- 
ing^ksses, and can be used as hand umgnlllors if dosired. Tlic focal 
imago^n'ined by tho object-glass lies outside of tho eye-piccc. 

In tho negative oyc-piooes, on the other hand, the rays from tho 
ohjoct-glass arc intercepted before thoy come to tho foous, and Lho 
imago Is formed between tho lonscs of the oyo-pioco. Such an cyo- 
pieco cannot be used as a hand magnifier. 


Stchhctl WToHoooar/o’ 
(JWffw) 


Jluyghentan 

{Nagaltvt) 


Fia. 10,— VnrlonH Vonmof Tolowopo liyo-ploco, 




46. Tho simplost and most common forms of tlioso eye-pieces aro tho 
Ramadan (positive) and 
Iluyghonian (negative). 

Each is oom posed of two 
plano-convex louses, but 
the arrange mon b and 
curves differ, as shown 
in Fig. 10. The former 
given a very flat ilokl of 
view, but is not achro¬ 
matic; tho latter is moro 
nearly achromatic, and 

possibly defines a little bettor just at tho contro of the hold; but fcho foot 
that it is a negative oyo-pioce greatly restricts its usefulness. In tho Rams- 
don oyc-pioce fcho focal lengths of fcho two component Ioubos, both of which 
liavo tliolr fiat sides out, aro about equal to aaoh other, and fchoir distance is 
about one-third of tho sum of fcho focal longtlia. In tho Huyghonian tho 
ourvod sides of tho lonsos aro both turned towards tho object-glass; tho 
focal disfcanoo of the hold Ions should bo oxactly three times that of tho Ions 
next fcho eye, and tho distance botwoon tho lonsos one-half tlio sum of tho 
focal lengths. Tho peculiarity of tho Stoinhoil u moiiooontrio u oye-pieco 
which i« a triple achromatic positive Ions, consisting of ft central oouyox 
I ons of orowu glass, with a ooncavo meniscus of hint glass coinonted to each 
side, is that tho curves are all struck from the same centre , fcho thickness of tho 
lonsos boing so computed as to produce the needed corrections. . It is froo 
from all internal reflections, which in other oyo-pieoos often produce “gliostH,” 
as fclioy aro called. 

Thero are mimorous othov forms of oyo-plooo, oaoh with its own advan¬ 
tages and disadvantages. Tho erecting oyo-plcoo, used in spy-glassos, is 
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essentially a compound ’miovoscope, and given erect vision by again invert¬ 
ing the already inverted imago formed by the object-glass. 

‘ It is obvious that in a telescope of any size tho object-glass is tlw most 
important and expensive part of the instrument, Its cost varies from n fu\v 
hundred dollars to many thousands, whilo tho eye-pieces goncmlly cost only 
from §o to 820 apiece, 

46. Retiole,— When telescope is used for poinlimj^ tie in nuwt 
astronomical instruments, it must be provided with a reticle of some 
sort. This is usually a metallic frame with sjridcr lines stretched 
across it, placed, not near the object-glass itself (as is often sup¬ 
posed), but at the focus of tho object-glass, where tho imago is 
formed, as at a b in Fig. 8. 

It is usually so arranged that it can be moved in or out a little to got it 
exactly into the focal piano, and then, when the oye-pioco (positive) is ad¬ 
justed for the observer’s eye to give distinct vision of the object, tho “ wives, 11 
as they are called, will also be equally distinct. As spider-threads uro vury 
fragile, and likely to get broken or displaced, it is often hotter to substitute 
a thin plate of glass with lines ruled upon it and blackened, Of course, 
provision must be made for illuminating oithor tho Hold of view or tho 
threads themselves, in order to make them visible in darkness. 

47. The Reflecting Telescope, — When the chromatic aberration 
of leuses came to be understood through tho optical discovery of 
the dispersion of light by Newton, the rolloctlng telescope was 
invented, and held its place as the instrument for star-gazing until 
well into the present century, when large aohromntics began to bo 
made. There are several varieties of reflecting telescope, all agree¬ 
ing in the substitution of a largo concave mirror in place of tho object- 
glass of the refractor, but differing in the way In which they got at 
the image formed by this mirror at its focus in order to oxamino it 
with the eye-piece, 

48. In the Herschelian form, which is the simplest, but only suited to 
very large instruments, the mirror is tipped a little, so as to throw the imago 
to the side of the tube, and the observer stands with his back to tho object 
and looks down into the tube. If .the telescope is as much as two or fchreo 
feet in diameter, his head will not intercept enough light to do muoh harm, 
— not nearly so much as would be lost by the second reflection necessary in 
the other forms of the instrument. But the inclination of tho mirror, and 
the heat from the observer’s person, are fatal to any very accurate definition, 
and unfit this form of instrument for anything but the observation of nebula) 
and objects which mainly require light-gathering power. 


ASTKONOMIUAL 3NSTKUMKNT8, 


20 



Ill tho Now ton! an toloscopo, a small plane rofloo tor Btandiug at an angle 
of 46° is placed in tho ceutro ol tho tube, so as to intercept tho rays roflooLcd 
by tho largo mirror a little before they como to their focus, and throw thorn 
to tho side of tho tubo, whoro tho oyc-pieco is placed. 

In tho Grogoriun form (which was tho first invented), tho largo mirror in 
piercod through its centre, and tho rays from it aro rofleotod through the 
liolo by a small concave mirror, placed a little outside of tho principal focus 
at tho month of tho tubo. With this instrument one looks dirootly at tho 
stars as with a refractor, and tho image is oreot. 

Tho Casaogmlnian form is vory similar, except that tho small concave 
mirror of tho Gregorian is replaced by a convex mirror, placed a little insido 
tho foaus of the large mirror, which makes tho instrument a little shorter, 
and givos a flatter field 
of viow, 

Formorly tho great j 
mirror was always made 
of a composition of cop- 
por and tin (two parts 
of ooppor to one of tin) 
known os “speculum 
metal.” At present it is 
usually made of glass 
silvered on the front sur¬ 
face, by a ohemioal pro¬ 
cess which doposita tho 
metal in a thin, brilliant 
film. Those eilver-on- 
glossroflootors, when now, *' l0< — Forms of Halloollng Toloicopo. 

rofloob much moro light 1» The Horfloheli*n j 2. Tho Newtonian; 3. Tho Orogorlan. 
than the old spoouln, bub 

tho film does not rotain its polish so long. It is, however, a comparatively 
simple matter to renew the film when necessary. 

The largest telescopes over made have been rofioctors. At tho lioad of tho 
list stands tho enormous instrument of Lord llosao, constructed in 1842, with 
a mirror' six feet in diamotor and sixty feet fooal length. Next in ordor aro 
a number of instruments of four feet aperture, first among which Is the groat 
telescope of tho older Ilorschol, built in 1780, followed by the telescope 
orcotod by Lassoll at Malta in 1800, tho Molbourno rofioctorby Grubb in 1870, 
and tho still moro recent silvor-on-glass roflootor of tho Paris observatory, 
whloh, liowoYor, has proved a failure, owing to dofectivo support of tho mirror. 

49. Relative Advantages of Refrootora and Reflectors. — Thero has 
boon a good deal of discussion on this point, and each oonstruatiou has Its 
partisans. 

In favor of tho rnficotors wo may mention,— 

First. Jiase qf construction and consequent ckcujmcto, Tho concave mirror 
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has but one surface to figuro and polish, while an objuob-gliiMH him four. 
Moreover, as the light goes through an object-glass, it is ovhhml. that the 
glass employed must be perfectly clear and of uniform density through and 
through j while in the cose of the mirror, tho light does nob penetrate the 
material at all. This makes it vastly oasior to got tho nmferial for a large 
mirror tliau for a large lens. 

Second (and immediately connected with tho preceding). Tho possibility 
of making reflectors much larger than refractors. Lord Uohso’s grout reflector 
is six feet in diameter, while tho Lick telescope, tho largest of nil lofnidois, 
is only three. 

Third. Perfect achromatism . This is unquestionably a vory grout advan¬ 
tage, especially in photographic and spectroscopic work. 

But, on the whole, tho advantages are generally considered to lie with Urn 
ref rao tors. 

In their favor wo mention: — 

First. Great superiority in light . No mirror (unless, pel'll upH, a freshly 

polished silver-on-glass film) roflcolH much 
more than three-quarters of tho hmidmit 
light; while a good (single) Ions Iviuik* 
mits over 05 per cent. In a good re* 
fraotor about 82 per cent of tlm light 
reaches the eye, after passing through 
tho four lenses of tho object-glims and 
oye-pieco. In a Newtonian roilwitnr, In 
average condition, tho purcontnRO sub 
(lom exceeds 50 per coni, and more 
frequently is lower than higher. 

Second. Better definition . — Any nligtit 
error at a point in tho surfiico of a glmm 
lens, whether caused by faulty work mi m- 
ship or by distortion, affects tho iliruo- 
lion of the ray passing through it only one-third as much as tho saino error 
on the surface of a mirror would do. 

If, for instance, in Fig, 12, an clement of the surface at P is turned out 
of its proper direction, aa f 7 by a small angle, bo as to take tho direction hh\ 
then the reflected ray will be sent to/, and its deviation will ho twica Uio 
angle aPb . But since the index of refraction of glass is about l*fi Uni 
change m the direction of tho refracted ray from 11 to r will only bo about 
two-thirds of aPb . 

Moreover, so far as distortions are concerned, when a Ions bonds a littlo 
^ , 0wn ^ e ^gbfc, both sides are affected in a nearly compensatory nmmmr, 
while m a mirror there is no such compensation. As a consequonco, mirrors 
very seldom indeed give any such definition as lenses do. Tho burnt fiudt 
^ ^ r °**k m miv 3 hip, i east) ^i s t or ti on \yy their own weight, tho fllighlont 
difference of temperature, between front and back, will absolutely ruin the 
image, while a lens would be but slightly affected in its performance l>v 
the same circumstances. " 



Kig, 12, --Effect of Stirfaco Errors In \\ 
Mirror and i» a Lena, 
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Third. Permuicnca. The Iona, once made, and fairly tnkun euro of, 
suffers no deterioration from ago; but tlm motallio speculum or tho shyer 
film soon tarnishes, and must bo ropollshad every fow years. 'Hils alone 
1 b deolsivo in moat oasoa, and rologatos tho reflector mainly to bho uho of 
those who aro fchoinnolyos able to construct their own Instruments, 

To those couskli! rations wo may add that a refractor, though mom expen¬ 
sive than a roflootor of similar powor, is nob only nioro permanent, and less 
likely to have Its performance affected by accidental oiroumstaneos, but is 
lighter and moro convenient to uso. 

60. Time-Keepers and Time-ReoorderB. — The Clocks Chronometer^ 
and Chronograph. — Modern practical astronomy owes its develop- 
mont as much to the clock mul chronometer ns to tho telescope. The 
ancients possessed no accurate Instruments for the measurement of 
time, and until within '200 years, the only reasonably precise method 
of fixing tho time of an Important observation, us, for Instance, of 
ail oelipso, was by noting tho allitmfo of the sun, or of some known 
star at or very near the moment. 

It is true that the Arabian astronomer Ilm Joimls had made homo 
uso of tho pendulum about tho year 1000 A.n., more than 000 years 
before Galileo Introduced it to lOuropcans. Hut it was not until 
nearly a century after Galileo’s discovery limb lluygheiis applied it 
to tho construction of clocks (In 1007). 

So far as the principles of construction uru concurncd, there Is no 
difference between an astronomical clock and any other. As a mailer 
of couvonlenco, however, tho astronomical clock is almost Invariably 
made to beat seconds (rnroly Imlf-seconda), and lias a conspicuous 
second-hand, while the hour-hand makes but one revolution a day, 
instead of two, as usual, and the Face is marked for twenty-four hours 
Instead of twelve. Of course It Is constructed with extreme care In 
nil respects. 

The, Hmipvmv.ut) or “SvAipnnunl* is on.cn of the form known <im Urn 1 * brill nun 
] )eud-hoat"; hut it is also fmpinnlly one of tlm uumernuH “gravity 11 esni|m« 
mmibi which have hcen invunied by ingenious iiierhiiiiiehuiH, Tlm dike of 
the escapement is In be u unlocked ,f by Ilm pendulum at enrli vUimtiuii, so 
as to permit Ilm wimel-work Lu advance nun slop, marking a second (or hwiui- 
|.li 111*0 two Hi’timuls), npriii the el<mk-fueo; while, at tlm mono time, Urn esHijHv 
iiicnl given Ilm pendulum a slight impulse, just iMpnd to (lie vesinlunr'e It lun 
millered In performing tho uulneking, Tlm work ilium by Ilm [icinliihim in 
M unlocking *' tlm I ruin, mul the camw/unulituf iiiijutlsr, ought to ho prrjvv.ltg 

iuntsfouf, in spile of all changes in III.million of Ilm 1 ruin of wheels} ami 

it is f/wwiWr, llmugli not vxwvliiilt 11 ml. thin work nlinnld he as mull an 
possible, 
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51., The pendulum itself is usually suspended by n iltif spring, nnd 
great pains should be taken to have the support extremely linn ; lids 
is often neglected, and the dock then cannot perform well. 

Compensation for Temperature, —In order to keep perfect time, 
the pendulum must be a ** compensation pendulum”; t\«., ronHlnmltnl 
in such a way that changes of temperature will 
not change its length. 

An uncompensated pendulum, with steel rod, 
changes its daily rate about one-third of u tinuoml 
for each degree of temperature (iHUiligTiuln), 
A wooden pendulum rod is umoh Ujhh ulTuufciul 
by temperature, but is very apt to bu dinturbud 
by changes of moisture . 

,,'Ull 

§\ u Graham’s mercurial pendulum (Fig. lb) Sh tlm 
[ft| one most commonly used, it consists simply of a 
jar (usually steel), three or four inches in dinnmter, 
and about eight inches high, containing forty or fifty 
n|| r |j, pounds of mercury, and suspended at Mm end of a 
steel rod. When the temperature rises, tlm mil 
lengthens (which would make the clock go slower) \ 
but, at the same time, the mercury expands, from 
the bottom upwards, just enough to conipmiHulo. 
This pendulum will perform well only when imt 
exposed to rapid changes of temperature. Under 
rapid changes the compensation lags, If, for in¬ 
stance, it grows warm quickly, the rod will expand 
before the mercury does; so that, while the inert: nrg is 
growing warmer, the clock will run slow, though itflnr 
Fig. 13. it has become warm the rate may bo all right. 

Compensation Pendulums. A compensation pendulum, construe tod on the* 
2 } ,riuoipla of fcho old gridiron pendulum of Ilmiisoi,, 

n ,, um. but of zinc and steel instead of brass an<l Htool, in 

adiiistprt o» in n muo1 ' " sed> Tl, ° compensation is uofc «n easily 

mereunal pendnhun, but when property nuule tho nmolmn- 

, l , f rS T ftltemtion8 uf tomporaturc mud! bettor Hum 

id the end of f!!£ “"i’ Tm *!“ Vy *“ duIumJ »l>. a lead «VHn«ler, is hm, K 
at the end of a steel rod, winch is suspended from the top ,,f «, rfne (ulm 

bftifom'sLdr T tV |1 ’!’ Thi3tub0isiMf "UlTortal at ,he boUom 
lum sic T , from a piece attached to tl.o pm.du- 

spuug. The standard clock at Greenwich has a pendulum of this kind. 

62. Effect of Atmospheric Pressure. —In coaisonncneo of il... 
buoyancy of the air, and its resistance to motion, a pendulum swings 
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ft little more slowly Hum it would in vacua f and every change In the 
density of the air affects its rate more or Iosb. With mercurial 
pendulums, of ordinary construction, tho “ barometric coefficient” 
ua it Is called, is about 0110 -thivd of a second for an inch of tho 
barometer; an increase of atmospheric) clonsiiy which would 
raise the Imromoter one inuh would mako tho clock lose about one- 
third of a second daily. It varies considerably, however, with differ* 
out pendulums. 

it is not very usual Lo take nay notice of this Alight disturbance; but, 
when the ovtromost mumrany of time-keeping is aimed at, tho cloak is oithor 
scaled in an air-tight ojiso from which tho air is partially exhausted (as at 
Berlin), or else so mo special nicotian him controlled by a barometer, is de¬ 
vised to eomponsuto for tho barometric changes, as at (ireunwieli. In the 
Greenwich clock a magnet is raised or lowered by the rise or fall of tho 
mercury in a barometer attached to the elook-oaso. When the magnet rises, 
It approaches a bit of iron two or threo inches above it, fixed to tho bottom 
or the pendulum, and the inoreaso of uttmetion accelerates the rate just 
enough to balance the retardation duo to the air's increased density mid 
viscosity. There are several oLlier contrivances for tho same purpose. 

63. Error and Hate. — The or “ correction ” of u clock 

Is tho amount that must be added to the indication of the clock-face 
at any moment In order to givo the true lime; It is, therefore, plus 
( + ) when the clock Is store, and minus ( —) when it Is fast, Tho 
rule of a clock Is the amount of its daily gain or loss; plus (-H) whon 
tho clock is losing. Sometimes the hourly rate is used, hut u hourly ” 
is then id ways specified.' 

A perfect clock is one that has a constant rale , whether that mto 
1)0 large or small. It is desirable, for convonloJlce , snlco, that both 
error and mto should bo small; but tills Is a inoro matter of adjust¬ 
ment by tho user of the clock, who adjusts tho error by sotting tho 
hands, and tho rate by raising or lowering Hie pendulum-bob. 


Tho final adjustment of rate i.s often obtained by first setting tho pendu¬ 
lum-bob so tlmt the clock will run rIow a second or two dally, and then 
putting on tho top of tho lmb little woights of a gramme or two, whioh will 
accolorato tlio motion. They can be dropped into place or knocked off with¬ 
out stopping tho clock or perceptibly disturbing it. 

The very boat clocks will run throo or four years without being stopped 
for donning, and will retain their rate without a change of inoro than one- 
fifth of a soGond, ono way or tho other, during the whole Mmo. But this is 
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exceptional performance. In a run as long us that, moat clonks would 
be liable to change their rate as much as half a second or more, and Co do 
it somewhat irregularly, 

64, The Chronometer. — The pendulum-clock not being 1 portable, 
it is necessary to provide time-keepers that are. The chronometer i* 
merely a carefully made watch, with a balance wheel compensated 
to run, as nearly as possible, at the same rate in different tempera¬ 
tures, and with a peculiar escapement, which, though unsuited to 
watches exposed to ordinary rough usage, gives better results than 
nay other when treated carefully. 
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Flo. 14 . — A Chronograph by Warner nml Swnsey* 

The box-chronometer used on ship-board is usually about twice tho dim,inter 
of a common pocket watch, and is mounted on gimbals, so as to koon borl- 
zontat at alt fames, notwithstanding tho motion of tho vessel. It usually 

m serf a fTt° 01KlS ' ^ 3 n0t I ’ 0SSible t0 S60U1 '° in tho chvonoinetor-balanco 
as peifeot a temperature correction as in the pendulum. For thia and otlior 
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roason.s'tho host olironomotors oannot qiillo compote with tho best clocks in 
precision of time-keeping | but they nvo Rufilciently Accurate for most pur¬ 
poses, and of course tiro vastly more convenient for field operations, They 
aro simply hidisponaablo at sea. Never turn the hands of a chwnojneter 
backward. 

55, Iloforo tho Invontion of tho telegraph it was customary to note 
time merely 41 by oye and car,” Tho observer, keeping his time- 
plooo near him, listened to the clock-boats, and estimated as closely 
as ho eoutd, In seconds and tenths of seconds, the moment when tlio 
phenomenon ho was watching occurred — tho moment, for instanoo, 
when a star passed aoross a wire In tho reticle of Ills tolceaopo. 
At present tho record is usually made by dimply proasing a 44 koy” 
in tho Imnd of tho observer, and this, by it telegraphic connection, 
makes a mark upon a strip or sheet of paper, which is moved at a 
uniform rate by clock-work, and graduated by sooonds-slgnalB from 
tho clock or ohronomotcr* 

50. Tho Chronograph,—-Tills is the Instrument wlitali carrion tho 
marklng-pon and moves the paper cm which the thno-record is inatlo. 
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Fm. If>.—l'nrt (if ii Uliniiiii||rii|>ll Itouonl. 

Tlio paper is wrapped upon a cylinder, six or hotoh inches in diamoior, 
and fifteen or sixteen inches long. This cylinder is mado to rovolvo 
once a mlnuto, by clock-work, whllo tho pen routs lightly upon 
the paper and iB Blowly drawn along by a screw-motion, ho that It 
marks a continuous spiral. Tim pen is carrlod on tho armature of 
nn clootro-mngnot, which ovory Other second (or sometimes ovory 
second) receives a momentary current from tho clock, causing It to 
nmko a mark like those which break tho lines in tho ilgura annexed. 

Tho bogiimlng of a now mlnuto (tho GOfch ago.) is indicated either 
by a double mark as shown, or by tho omission of a mark. When 
tho observer touches his key lie also sends a current through tho 
magnet, and thus interpolates a mark of his own on the record, ns 
at X in tho figure i tho hey hum </ of the mark is the instant noted -—• 
In this earib 54,0*. Of course the minutes when the chronograph was 
started and slopped aro noted by tho observer on tho shoot, and so 
onablo him to Identify tho minutes and seconds all through tlio record. 
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Many European observatories use chronographs in which tin* record in 
made upon a long fillet of paper* instead of ft sheet on a cylinder. Thu 
instrument is lighter and cheaper than the American form, but muuh less 
convenient. 

The regulator of tlm clock-work must be a ** continuous ” regulator, work¬ 
ing continuously, and not by beats like a clock-osu upon ion t. Thom are 
various forms, most of which are centrifugal governors, act in# oithen 1 by 
friction (like the one in the figure) or by the resistance of tho nirj or u1hc» 
“spring-governors,” in which tho motion of a train, with a pretty heavy 
fly-wheel, is slightly checked at regular intervals by a pendulum. 


57. Clock-Breaks. —The arrangements by which the clock is nmrto to 
send regular electric signals are also various. One of tho earliest ami simplest 
is a fine platinum wire attached to tho pendulum, which swings through u 
drop of mercury at each vibration, All of tho arrangements, however, in 
which the pendulum itself has to make the electric contact are objectionable, 
and for clocks using the Graham dead-beat scapomont no absolutely Hiitis- 
factory means of giving the signals 1ms yet been devised. Clocks with the 
gravity escapements have a decided advantage in this respect, Thoir wlioal- 
work has no direct action in driving the pendulum, and so may bo made to 
do any reasonable amount of outside work in tho way of f( lcoy-iManipula¬ 
tion” without affecting the clock-rate in tho least. Usually a wliunl on llio 
axis of the scape-wheel is made to give tho electric signals by touching u 
light spring with one of its teeth every other second. 

Chronometers are now also fitted up in tho same way, to bo ueuxI with Mtu 
chronograph. 

Ihe signals sent are sometimes (< breaks” in a continuous current, and 
sometimes “ makes” in an open circuit. * Usage varies in this respect, and 
each method has its advantages, Tho break-circuit system is a Httlo simpler 
in its connections, and possibly the signals are a little mom sharp, but it 
involves a much greater consumption of battery material, as tho current is 
always circulating, except during tho momentary breaks, 


58 Meridian Observations.-A large proportion of nil natroiiomi- 
cal observations, are made at the time when tho heavenly body 
observed is crossing the meridian, or very near it. At that moment 
ie effects of refraction and parallax (to be discussed hereafter) urn 
a minimum, and as they act only fii a vertical plane, they do not have 
any influence ou the time at which the body crosses the meridian. 


69. The Transit Instrument is the Instrument used, in commotio] 
with a clock or chronometer, and often with a chronograph also, t< 
observe the time of a star’s “ transit” across the meridian. 

I 21 1 °’ °f t ' ie ( s 'd e >‘eal) clock is lmo'jn at the moment, fclih 

ion will determine the right ascension of the body, which, i 
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will he remembered, is simply the sidereal lime at which it erosses the 
meridian; i.e., Llie number of hours. minutes, and seconds by which it 
follows tlio vernal equinox, 

Viv.e verm, if the right ascension is known, the error or correction 
of the clock will he determined, 

Tim instrument (Fig. 1(1) consists essentially of n telescope mounted 
upon a stiff axis perpendicular to the telescope tube. This axis is 
placed horizontal, cast and west, and turns on pivots at Its extremi¬ 
ties, In Y-bcaringa upon the top of two llxod piers or pillars. A 



Biimll graduated circle is attached, to facilitate 11 sotting” the leloncopu 
at any designated altitude or declination. 

The telescope carries at the eye-end, in ,tlm focal plane of tlio 
object-glass, a reticle of some odd number of vortical wires,— live 
or moro, — one of which Is always In the centra, and the others 
are usually placed at equal distances on each buIo of it. One or 
two wires also cross the Held horizontally. 

If fcho pivots arc true, and the instrument accurately adjusted, It 
ia evident that the mitral vertical wire will always follow the mci'idUm 
as the inatnment is turned; and the Instant when a star oroaeoa this 
wire will bo tin- true moment of tins star’s meridian transit. Tlio 
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object in having a number of wires is, of course, simply to gain 

accuracy by taking the mean of a number of observations instead of 


depending upon a single one. 

In order to “level” the axis properly, a dedicate spirit-level is an 
essential adjunct; it is usual, also, (and important) to provide a con¬ 
venient u reversing apparatus^* by which the instrument can ho 
turned half round, making the eastern and 
western pivots change places. 

The instrument must be thoroughly stiff 
and rigid, without loose joints or slinky 
screws; and the two pivots must be accu¬ 
rately round , precisely in line, with each other , 
free from taper , and precisely of Uie same 
size ; all of which conditions may be summed 
lip by saying that they must he portions of 
one and the same geometrical cylinder » 

Fig. 17, — Uotlclo of Urn Transit *' ° 

Instrument. 



Tho proper construction and grinding of 
these pivots, which am usually of hard boll metal (sometimes of steel), 
taxes tho art of tho most skilful mechanician, The level, also, is a del ion to 
instrument, and difficult to construct. 

Provision is made, of course, for illuminating tho hold of view at night 
so as to make the reticle wires visible. Usually one (or both) of the pivots 
is pierced, and a lamp throws light through tho opening upon a small mirror 
in the centre of the tube, which reflects it down upon the reticle. 

Tho Y's are used instead of round bearings, in order to prevent any 
rolling or shake of the pivots ns* the instrument turns, 

Pig. 18 shows a modern transit instrument (portable) as actually con¬ 
structed by Fantli & Co. 


Another form of tho instrument is much used, which is often 
designated as the “ Broken Transit.” A reflector in tho central cube 
throws the rays coming from the object-glass, out at right angle b 
through one end of the .axis, where the eye-piece is placed; so that 
the observer does not have to change bis position at all for differ¬ 
ent stars, but simply looks straight forward horizontally. It is very 
convenient and rapid in actual work, but tho observations require a 
cons idem ble^eorrection for flexure of the axis . 

60. Adjustments* — (1) Focus and vertieality of wires. (2) Collimation. 
(3) Level. (4) Azimuth, 

First. The first thing to do after the instrument is set on its supports and 
the axis roughly levelled, is to adjust the reticle, xHo eye-piece is drawn out 
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oi- pushed In until tho wires npponr perfectly sharp, and then the instrument 
Is dlrocted to a star or to somo dhiunl objaot (not less than a mile away), 
and without disturbing tho oyo-plooo, tho sllding-tubo, whloh oarrlos tho 
retlolo, Is drawn out or pushed In until tho objoot is also distluot at the 
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same time with the wires. If this adjustment is correctly made, motion of 
the eye in front of the,eye-piece will not produce any apparent displacement 
of the object in the field, with reference to tho wives. To test the y or duality 
of the wires, the telescope is moved up and down a little, while looking at the 
object; if the axis is level and the wires vertical, the wire will not move oil 
from the object sideways. There are screws provided to turn tlui reticle a 
little, so as to effect this adjustment. 

When the wires have been thus adjusted for focus and vertientity, the 
reticle-slide should be tightly clamped and never disturbed again, Tim eye* 
piece can be moved in and out at pleasure, to secure distinct vision for differ- 
ent eyes, but it is essential that the distance between the. object-(/hm and the 
reticle remain constant. 

Second, Canimation. The line joining tho optical centre of the object- 
glass with the middle wire of tho reticle is called the “ Una of coUimatimi'' 
and this line must be made exactly perpendicular to the axis of rotation 
by moving the reticlo slightly to one side or the other by moans of the 
adjusting screws provided for tho purpose. The simplest way nf effect¬ 
ing tho adjustment is to point the instrument on some well-del hunt dis¬ 
tant object, like a nail-head or a joint in brickwork, and then cum fully 
to “reverse” tho instrument without disturbing the stand. If tho middle 
wive, after reversal, points just as it did before, tho “cnllimation” m correct; 
if not, the middle wire must be moved half way towards the object by the 
screws, 

Collimator, —It is not always easy to find a distant object on which to 
make this adjustment, and a 11 collimator** may be substituted with advantage. 
This is simply a telesoopo mounted horizontally on a pier in front of the 
transit instrument, so that when the transit telesoopo is horizontal, it can 
look straight into tho collimator, which ought to bo of about the mum* wizo 
as the transit itself. 

In the focus of the collimator object-glass are placed two wires forming 
an X, and thus placed they can be seen by a telescope looking into thu colli- 
mator just as distinctly as if they were at an infinite distance and really celes¬ 
tial objects. The instrument furnishes us a mark optically celeaUiil, hut 
mechanically within reach of our finger-ends for illumination, adju&liiiont, 
etc. If tho pier on which it is mounted is firm, tho collimator cross in in all 
respects as good as a star,- and much more convenient. 

rimd. Level . Iho adjustment for level is made by setting a striding 
level on the pivots of the axis, reading tho level, then reversing tho level 
(not the transit) and reading it again. If the pivots are round and of Mm 
same size, the difference between the level-readings direct and reversed will 
indicate the amount by which one pivot is higher than tho other. Om of 
the Ys is made so that it can be raised and lowered slightly by manna of a 
screw, and this gives the means of making tho axis horizontal, If tho 
pivots are not of the same size (and they never are absolutely), tho astronomer 
must determine and allow for the difference. 
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Fourtli. Azimuth, inorder that thu instrument may indioate tho merit!Imi 
truly, its axis must lie exactly oast Midwest; Le, f its azimuth must ba 00°. 
This adjustment must bo made by moans of observations upon the stars, mid 
is an oxcollont example of the method of Bucoossivo approximations, which 
Is so cltaractorisfcio of astronomical investigation, (o) Aftor mljListing care¬ 
fully tho focus and colllmidion of tlm instrument, wo sub it north and south 
by (jucM t and level it ns precisely as possible. By looking nb the polo star, 
and remembering how the polo itself lies with roforonca to it, one can onsily 
net the instrument pretty nearly; i.n ,, within lmlf a degree or ho, Tho middle 
wire will nowdeseviho in the sky a vortical oircloj which crosses tho meridian 
at tho zontth, and lies very near the meridian for u considerable distance 
each side of the zenith, 

(b) Wo must next get an “ approximate ” lime; i.c,, sot our dock or 
el mu in motor nearly rigid. To do this, wA Heloet from tho list of several 
hundred stars in the Nautical Almanac (whieh is tuba regmxlad in about 
the sumo light witli tho clock and tho spirit level, us an indispensable accessory 
to the transit) a star which is about to cross tho meridian mar the zenith. 
The difference between tlm right ascension of the filar as given in 1ho 
Almanac, and the time shown by the elook-fueo, will ho very nearly tlm 
error of the clock at tlm Mum of tlm observation : mot exactly) unless tlm dec- 
llnalion of the star is such that It passes exactly through (ho zenith, hut 
very nearlyi since the star crosses the meridian near the zenith. Wo now 
have tlm time within a second or two. 

(e) Next turn down the telescope upon some All nan no star, which is 
soon to cross tho meridian within 1(1° of tlm pole. Tb will appear to movo 
very slowly. A little before the limn it should reach tho meridian, move tho 
whole fvaiuo of the instrument until tho middle wire points upon it, and 
then, by moans of the “ Azimuth Norow," which given ft slight horizontal 
motion bo one of tlm follow the star until the indicated moment of 
sit; i.e., until the clock (corrected for clock error) shows on its face fch 
right ascension. If llio clock correction had been known with ubsoluh 
ness, tho inHtrunionb would now ho truly in llio meridian; as tho olool 
however, is only hpproxlmato, tho instrument will only 1m approxinin 
tho meridian; hut — and this is tlm iwsontial —It will bo ver 
more nearly so than at tho beginning of tho operation* Tho mipposoc] 
yootnasa, amounting perhaps to olio or two seconds, in tho tlmo ftfc wh 
instrument was set on tho olromnpolnr star will, on account of tho sl( 
tion of tho star, make almost no porcoptlhlo dlfferenoo in tho direction 
to tlm axis. 

A repetition of tlm operation may possibly be noodod to soouro i 
desired precision. 'I'Jio acouraoy of this azimuth adjustment can U 
vorlfled by throo sucncKsivo 11 mil mi nations ” or tmnstts of tlio polo a 
any other oirouiupolnr. Tho intorval oooupiod in passing from tho, up 
the lower culmination on tho wont sido of the moridlan ought, of c 
to ho oxaotly equal to tlm time oil the eastern side; i,e, t twelve si 
hours. 
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61. The final test of all the adjustments, and of tho iiooumto going 
of the clock, is obtained by observing a number of Almanac Btnra of 
widely different declination. If they all indicate identically the Haims 
clock correction, the instrument is in adjustment j if not, ami if the 
differences are not very great, it is possible to deduce from tho 
observations themselves the true clock error, and the adjustment 
errors of the instrument. 

It is to be added, in this connection, that tho astronomer can never assume 
that adjustments are perfect: even if once perfect, they would not slay so, on 
account of changes of temperature and othor causes. Nor are observaUuiw 
ever absolutely accurate. The problem is, from observations move or less 
inaccurate but honesty with instruments more or less maladjusted but firm, to 
find the result that would have been obtained by a perfect observation with 
a perfect and perfectly adjusted instrument. It can bo more nearly done 
than one might suppose. But the discussion of tho subject belongs to 
Practical Astronomy, and cannot be entered into hero. 

62. Prime Vertical Instrument.—For certain purposes, a Tmiutil 
Instrument, provided with an apparatus for rapid reversal, in turned 
qnavter-wfty round and mounted with tho. axis north and south, ho 
that the plane of rotation lies east and west, iustoad of in tho meri¬ 
dian. It is then called a Prime Vortical Transit. 

63. The Meridian Circle. — I u 
order to determine the DmUmt - 
lion or Polar Distance of an 
object, it is necessary to Imvu 
some instrument for mmiHiiring 
angles} mere timo-obaumiUoiiH 
will not sudloo. The inatrmnon L 
most used for this pnrpone in the 
Meridian Circle, or Transit Cir¬ 
cle, which is simply a transit in¬ 
strument, with a graduated circle 
attached to its axis, mid revolv¬ 
ing with the telescope. Some¬ 
times there are two clrcdoB, omi 

■ Kiel, lit, —Tho Meridian (Jirclo (Schematic), ll ^ °* l( 'h Clul Of tllfttftxis. 

■ ... . , Ifi represents the iiiHtrn- 

incut schematically,’* showing merely the essential parts. Fig. 20 
is a meridian circle, with a 4-inch telescope, constructed by Fmitli 
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Fin, 20. — M oriel km (Jliolit. 


A, Ji, 0, ]) t l ho Hondliw Mlp.roauojxw, F t the OJnmp, a, tho 'Pungent Screw. 

A, thu (imiluiiled (Urdu. fj ty tha IjOvcIi only placed In poBlllon oconMloiwIly 

IT, Muj Hough ly Clmdualod Hutting (Urdu. M t tlio Right Anconalon Ariaromeld-. 

I, the Index Mloniflooiw. TIiIb ih limmlly, liowuvor, //'IK, <?uii]iIopi»o 1 hcjh ( which take part o/ Hhj weigh 

plocod hnlf wny Uutwoon A and 7), of IIiu ln«tnnucjit off from i ho Y>j, 
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In observatory instruments the circle is usually from two to four foot in 
diameter j larger circles were once used, but it is found that their weight, 
and the consequent strains and flexures, render thorn actually less accurate 
than the smaller ones. The utmost resources of mechanical art arc ex¬ 
hausted iu making the graduation as precise as possible and in providing for 
its accurate reading, as well as in scouring the maximum firmness ami sta¬ 
bility of every part of the instrument. Tho actual divisions avo usually 
5' apart (iu very large instruments sometimes only 2'), but the circle is 
“read” to seconds and tenths of seconds of are by means of reading mtaro* 
scopes, from two to six in number, fixed to tlm pier of tho instrument. In a 
circle of forty inches diameter, 1" is a little less than. Tr J rtf of tin inch, 
Girms inch), so that the necessity of fine workmanship is obvious. 


64, The Reading Microscope (Fig. 21).—This consists essen¬ 
tially of a compound microscope, which forms a nmgnillctl imago of 
the graduation at the focus of its object-glass, where this image is 
viewed by a positive oyo-piooc. At tho 
place where the image is formed a pair of 
parallel spider-lines or a cross is placed, 
movable in tho plane of the image by a 
tl micrometer screw”; i\c., a fino screw 
with a graduated hoad, usually divided into 
sixty parts. One revolution of tho screw 
carries the wire V of arc, which makes 
one division of the screw-head 1”, tho 
tenths of seconds being estimated. 

The adjustment of the microscope for 
“runs,” as it is called (that is, to make ono 
revolution of the micrometer screw exactly 
equal to 1'), is effected as follows. By sotting 
the wires first on ono of tho graduation marks 
visible in tho field of view, and then on the 
Fin, 2i. —The Reading Microscope, next mark, it is immediately ovident whether 
five revolutions of the screw “run” over or 
fall short of 5' of the graduation. If they overrun, it show's that the imago 
of the graduation formed by the microscope objective is too small to fit tlm 
screw*, and vice-versa* Now, by simply increasing or decreasing the distance 
A B between the objective and the micrometer box, the size of tho imago 
can be altered at will, and the objective is therefore so mounted that this 
can be done, Of course, every change in tho length of the microscope tube 
will also require a readjustment of the distance between the “limb,” or 
graduated surface, of the circle and the microscope, in order to secure diatinofc 
vision; hut by a fmv trials the adjustment is easily made sufficiently precise. 
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Tho reading of tlm circle is us follows ; An oxtru index-microscope, 
with low power uml largo fluid of view, flhowa by inspection fcho de¬ 
grees mid minutes, The rending-microscopes are 011 I 3 * used to give 
the odd seconds, which is done by turning tho screw until tlto parallel 
spider-lines nro mndo to include 0110 of the gruel nation linos half-way 
between themselves; tho bond of the screw then shows directly tho 
seconds and tenths, to l>e added to tho degrees and minutes shown - 
by tho index. Tima in Fig. 22 , the reading of tho microscope is 
22 ".l, the fl' being given by tlm mde in the field, fcbo 22".1 by tlic 
screw-hond, , 


05. Method of observing a Star,-—A minute or two before tho star 
reaches tlm meridian the instrument is approximately pointed,so that 
the h tar will come Into tlm field of view. Ah soon ns it makes Us 
appearance, tlm instrument 
is moved by tlm hIowhuo- 
tion tangent-screw tinLil 
the nltiv is M bisected” by 
Lhe llxed horizontal wire 
of tho reticle, and the 
star Ih kept bisected until 
it reaches thu middle ver¬ 
tical wire which marks the 
meridian. Tho microscopes urn Mum read, and tlmlr mean result is 
the slur’s 44 ehcle-ioadlng.” 
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Frequently Urn shir is btouuletl, not by moving tho whole in 
by maims of a “niiumumliur wire/' which moves up and down . 
view, Tho 111 torn 1110 tor reading then Inns to he combined with 
of the miumseopo, to got the truo clroliH’wullug. 


Gfl. Zero Points.— In determining tho declination o’ 
altitude of 11 star by means of its circle-reading, it la 111 
know the i4 zaro point” of tlm circle. For declinations, 
point ” Is either tho polar or tho equatorial reading of tlio oinuo j 
tho reading of the circle when tho telescope is pointed at tho 
or at tlio cipm tor. 

Tho 4 < jwl«r point ” may be found by observing some circumpolar 
star above the polo, and again, twelve hours later, below it. Whon 
tho two circle-roadlugs have beem duly corrected for refraction and 
imh'uvitntitd errors, their mean will bo tlm polar point 
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Suppose, for instance, that 5 Ursft Minoris, at tho “uppor <ml mi nation/ 1 
gives a corrected reading of 52° 18' 2 j)", 8, while at tho lower oulmimifcum tho 
reading is 45° 31' 35".7, then the mean of these, 48° 55' 00".5, is Min ptdnr 
point, and of course the equatorial reading is 168° 05' 00".5, — just 00 u 
greater. The polar distance of tho star would bn tho hnlf*dij/fo'cncc of Min 
two readings, or 3° 28' 24".8, 


From Zrimg 


67. Nadir Point.—The determination of the polar point ruqiurutt 
two observations of tho same star at an interval of twelve bourn. It in 
often difficult to obtain such a pair; moreover, the refraction oompli- 
cates the matter, and renders the result less trustworthy, Amml- 
ingly it is now usual to use the nadir or the horizontal reading iih tins 
zero, rather than the polar point, 

The nadir point is determined by pointing tho telescope down¬ 
wards to a basin of mercury, moving the telescope until tho imago 
of the horizontal wive of the reticle, as seen by reflection, coincides 
with the wire itself. Since the reticle is exactly in the principal 
focus of the object-glass, rays of light emitted by any point in Mm 
reticle will become a parallel beam after passing the lens, and if thin 
beam strikes a plane mirror porpendioutnrly uml 
is returned, the rays will eotno just as if from a 
real object in tho sky, and will form an Inm^tt 
at tho focal plane. When, therefore, tho Imnjgit 
of the central who of tho re tide, seen in the 
mercury basin by reflection, coincides with Mm 
wive itself, wo know that tho line of oolliumthm 
, Ml must be exactly perpendicular to the surface of 

ColUmMne the mercury; to.., vertical. 

To make the image visible it is necessary to illuminate llm reticle liy light 
thrown towards the object-glass from behind the wires, instead of light 
coming from the object-glass towards tho eye as usual. This peculiar illu¬ 
mination is commonly effected by means of Bohnenbergnr’s collimating 
eye-piece,’ shown in Fig. 23. Tn tho simplest form it is merely a mmmnn 
Rnmsden eye-piece, with aholo in one side, and a thin glass plate inserted 
at an angle of 45°. A light from one side, entering through the hole, will lie 
(partial y) reflected towards the wires, and will illuminate them sulUeimitly. 

, horizontal point of course differs just 1)0° from the nadir point. II 
may also be found independently by noting the cirolo-midiugs of soum star 
observed one night directly, and the next night by reflection in mercury i or, 
if the star is a dose circumpolar, both observations may bn mado tho sumo 
evening, one a few minutes before its meridian passage, tho other just ns 
ong a ei. n tie method of the collimating eye-piece h fully as ncmiratu 
and vastly move convenient, 



* Reticle 
Fig, 23, 
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68- Differential Dbg of the Instrument. — Wo now know the plaoeaof 
Severn) hundred stars with ho much precision that in many cubob ifc is quite 
fiuflkiant to observe ono nr two of those “ Rtandard ft tars u in connection with 
the bodies whoso places wo wish to dotarmino. r l'ho difference between the 
(led Ina Li on of the known star and that of any alar whoso placo is to be 
determined, will, of course, ho simply the differ mice of their circle-rendingfl, 
corroded for refraction, etc. The meridian circle is said to bo used “differ* 
entadhj ” when thus treated. 

80. Errors of Graduation, etc. — Jf Urn oirclo is from a reputable 

maker, and ban foul' or nix microscopes, and if the' observation# are 

oarcfiilly made mid all tho microscopes read each time, rosults of 

aullloicut precision for moat purposos may bo obtained by merely 

correcting the observations Ibr “ runs n and r of ruction. Tho out- 

stand lug errors might not to exceed n second or two. Hut when the 

tautha of a second are in quoslion, the ease is differont. Jt will not 

then do for the astronomer to assume the accuracy of tho graduation 

of his circle, hut ho must investigate the cn'ora of tin divisions } tho 

errors of tho mimmder smimn In Uiomiorostjopcs, tho Jlemra of tho 
\ 

telescope, and the effect of dilTorenees of temperature In shifting 
the zero points of the circle, by slightly disturbing the ]K)Hltlon or 
direction -of the microscopes. Of course this is not the placo to 
enter into such details, hut It. is tin opportunity to Impress again upon 
the student the fact that truth and accuracy are only attalnablo by 
immense painstaking and labor. 

70, Mural Girolo.—This instrument Is in principle the same a* tho 
meridian oirole, which has superseded It. It couhIhIh of ft el rolo, carrying a 
tnluwsnpo mounted on tho face of n wall of masonry (ns its mono implies) 
and free to revolve in the piano of the mbrlclinn. Tho wall furnishes a con¬ 
venient support for the microscopes. 

71. Altitude and Azimuth Instimment. - Since tho transit inatru- 
numt and meridian circle are eon fined to tho piano of the meridian, 
their usefulness Is obviously limited. Meridian observations, when 
they are to be had, are hotter and nioro easily used than any others, 
but are not always attainable. Wo must thoroforo have instruments 
which will follow an object to any part of tho licavons. 

The uhilnilo. and azimuth infttnmo.nl is simply a surveyor's theodo¬ 
lite on.a large scale, It has a horizontal clrnlo turning upon a verti¬ 
cal rw/'s, and read by verniers or mieroseopos, Upon this circle, and 
turning with it, are supports which carry tho horizontal cmis of the 
telescope with its vertical circle, uIho read by microscopes, Obvl- 
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ously the readings of these two circles, when the instrument is prop* 
erly adjusted and the zero points determined» will give the altitude 



and azimuth of the body pointed on. Fig. 24 represents a small in¬ 
strument of this kind. 
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78. The Equatorial.—Thu essential olmmctoristio of this Instrument 
is Unit its principal axis, i.c ., the axis which rests In Jlxetl bearings, 
instead of lining either horizontal or vertical, if* inclined at an angle 
ctqiml to the latitude of tho place, and directed towards tlio pole, tluis 
placing it parallel to tho oarlh’n axis of rotation. This axis of the 
instrument is called its polar axh; and tho graduated circle which it 
curries, uiul which is parallel to tho celes¬ 
tial equator, is called tho hour-archt, be¬ 
cause its reading gives tho hour-angh of 
tho body upon which the telescope hap¬ 
pens to be pointed. Sometimes, also, it in 
called tho Right Ascension Circle. Upon 
this polar-axis aro secured tho hearings 
of the diu'MnatHm axh, which is porpen- 
ilicuiar to the polar axis, and curries the 
tiiloscopu itself and the declinationcircle. 

In the instruments before described, the 
telescope is a mere pa and wholly 
subsidiary to the circles ; in the equatorial 
l.Eie telescope is usually the main tiling, 
ind the circles arc subordinate, serving 
: july to aid the observer In finding or 
:ilenLifying the body upon which the telescope is dirooted, 

Fig. 2f> exhibits sohomatieally the ordinary form of equatorial 
iiouuting, of which there aro numerous modifications. Fig 2(1 Is tho 
23-inoh Clark telescope at Princeton, and Fig* 27 is the '1-foot 
Melbourne reflector. The frontispiece is the great Licit telescope 
thirty-six inches diameter. 

The advantages of the equatorial mounting for a lnrge toioscopo 
ire very groat as regards convenience. In tho first place, whon the 
bioscope Is once polnfcod upon a star or planet, it is only necessary 
a turn the polar axis with a uniform motion In order to “ follow " tho 
itar, which otherwise would bo oarrlod out of the flold of view in a 
’ow moments by tlio diurnal motion. Tljis motion, slnoo It la unl- 
‘orm, can l)c, and in all large instruments usually Is, given by elook- 
vork, with a continuous regulator of some kind, similar to that used 
u the chronograph. Tho instrument once directed and clamped, 
ind tlio clock-work started, the object will continue apparently im- 
novuble In the Held of view as long as may bo dualred. 

Tn tho next place, It Is very easy to find an object, ovon if Invlslblo 
o Lhe naked eve, like a faint comet or nebula, or a star in the day- 
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time, provided we know its declination timl riglii 
liavc the sidereal time; for which reason a sulmeal 
nometer is an indispensable adjunct of the equatorial. 


ascension, and 
clock or ohro- 



Fi«. 26. —Tho 23-lncll Princeton Telcncopo. 


To find an object, the telescope is turned in declination until tho roil ding 
of the declination circle corresponds to tho declination of tho object, mi cl 
then the polar axis is turned until the hour-circlo of tho instrument (not to 
he confounded with an hour-circle in tho sky) roads tho houv-angle of the 
object. This hour-angle, it will ho remembered, is simply tho dilTeronco bn- 
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twcon the sidereal time tuid tho right aaconsimi of tho object. Tho Jioiir 
angle ih (fast if Urn right ascension exceeds the time; west, if it is less. 
When Llm telescope is thus Bet, tho object will bo found (with a low mag¬ 
nifying power) in the hold of view, unless it is near tho horizon, in which 
case roi'i’aotioii must bo taken into account. 



Bio. 27 . — Tlic Melbourne llanoalor. 

Whilo the instrument muinot give very accurate determinations o. 
tho positions of bodies by tho direct readings of its circles, on account 
of the irregular floxures of its axes, it may do so indirectly; that is, 
it may bo used to do ter mi no vory accurately the difference between 
tho right ascension and declination of a comet or planet, for Instance, 
and that of some neighboring star, whoso place has boon already 
determined by tho meridian cirolo; and this is one of the most ini 
porfcant nsos of tlie instrument. 




52 


AftTUCmOAIlCATj INSTRUMENTS. 


73. The micrometer. —Micrometers of various sorts are employed 
for the purpose. The most common and most generally useful is the 


so-called “filar position-micrometer 



Flo, 28, —Tho Filin 1 rodition-Mluiomulej’. 


Fig. 28, which is an indispen¬ 
sable auxiliary of every good 
telescope. 

It is a small instrument, much 
like the upper part of tho read¬ 
ing microscope, but more com¬ 
plicated. It usually contains a 
reticle of fixed wires, two or 
three parallel to each other, and 
crossed at right angles by a 
second set. Then there arc two 
or three wires parallel to tho first 
set, and movable by an accu¬ 
rately made screw with a gradu¬ 
ated head and a counter, or 
scale, for indicating the number 
of entire revolutions made by 
tho screw. The box containing 


these wires, and carrying 'the cyc-picee and screw, can itself hn 
turned around iii a plane perpendicular to tho optical axis of tho 
telescope, and set in any desired position ; for example, ho that tho 
movable wires shall be parallel to the celestial equator, while the 



jther sot run north and south, This u position angle” is read on a 
graduated circle, which forms part of the instrument. Means of 
illumination are provided, giving at pleasure either dark wires in a 
bright field, or vice versa . 

With this instrument one can measuro the distance (in seconds of 
arc), and the direction between any two stars which avo near enough 
to be seen at once in the same field of view. This range in small 
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telescopes nmy roach 80' of arc; while in the larger instruments, 
which, with the same eye-pieces have much higher magnifying powers, 
it is noeo&snrily loss, —- not more than from 5' to 10'. 

74. A now form of equatorial, known ns the Equatorial Cottd<f, ov Elbowed 
Equatorial, 1ms boon recently introduced at tho Paris Observatory. With 
largo instruments of the ordinary form a great deal of inconvenience is on- 
countered by the observer, in moving about to follow tlio eye-piece into fclio 
various positions Into which it is forced by tlio in consider ft tonoss of tlio 



Fio. DO. — Tlio ]C<iiwlorljil Uoudd. 

heavenly bodios. Moreover, the rovolving domo, which is usually erected to,, 
shelter a grout telascopo, is an exceedingly cumbrous and expensivo affair. 

In tho Equatorial Coudd, Pig. 80, theso difficulties aro ovoroome by tlio 
UBo of mirrors/ Tho obsorvor sits always in one ilxcd position, looking 
obliquoly down through tlio polar nxis, which is also the telescope tube. 

Tho Paris instrument has an object-glass uboufc ton Inches in diameter, 
and performs very satisfactorily. Tho two % reflections, however, cause a 
considorablo loss of light, and some injury to tho doflriitioii. The mirrors, 
and tlio consequent complications, also add heavily to tho cost of tlio in¬ 
strument, Fig. 80 is from a photograph of this instrument. 


76. All tho instruments so far described, except tho chronometer, 
are fixed instruments; of use only when they can bo set up firmly .and 
onrefiilly adjusted to established positions. Not one of thorn would 
be of the slightest use on shipboard. 
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We have now to describe the instrument which* with the help ol 
the chronometer, is the main dependence of the mariner. It in tin 
instrument with which the observer measures the angular distance 
between two objects ; as, for instance, the sun and the visible horizon, 
not by pointing first on one and then afterwards on the other, but by 
sighting them both , simultaneously and in apparent coincidence; which 
can be done even when he has no fixed position or stable footing. 

76, The Sextant, —The graduated limb of the sextant is carried 
by a light framework, usually of metal, provided with a suitable handle 
X , The arc is about one-sixth of a circle, as the name implies, and 



Kiu. 31, —TUo Sextant. 


is usually fiom five to eight inches radius. It boars a graduation of 
half-degrees, numbered as whole degrees, so that it cun measure any 
angle less than 120°. 

An "index-arm,’' MN in tho figure, is pivoted at the centre of Uio 
arc, and carries a vernier which slides along the limb, nnd can 1m 
fixed at any point toy a clamp and delicately moved toy (ho uUacheil 
tangent screw, T. The reading of this vernier given the angle 
measured by the instrument. The best instruments read to IQ 1 *, 

Just over the centre of motion, the "index-mirror” M, about, 
two inches by one and one-half in size, is fastened securely to (he 
index-arm, so as to too perpendicular to the plane of tho limb.. At 
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jF/, tlio u horizon-glass,” about an inch wide and of the same height 
as tlio iiulox-glass, 1 b scoured firmly to tho frame of tho inatmmout, 
in such position flint, when tho vernier of tlio index-arm reads zero, 
tlio index-mirror and horizon-glass will bo parallel to each other. 
Only half of tho horisson-gliwa is silvered, the upper half being left 
transparent. E is a small tclcBcopc. 

If tho vernier stuiulB nmv, but not at zero, tho observer look¬ 
ing into the tolnscopo will seo together in tlio field of view two sepa¬ 
rate images of tho objoct; and if, while still looking, he slides 
tho vernier a little, ho will see that one of tlio images ronmins fixed, 
while the other moves. Tho fixed image is duo to the rays which 
roach tlio objeet-glnHS of tlio telescope directly, coming through 
tho unsllvorcd half of tho horizon-glass: tho movable Imago, on tho 
other hand, is produced by rays which have Buffered two reflections, 
— first, from the index-mirror to tho horizon-glass; and second, at 
tho lower half of tho horizon-glass. When the two mirrors aro 
parallel, and tho vernier reads zero, tlio two images coincide, pro¬ 
vided tho object is at a considerable distance. 

If now tho vendor docs not stand at or near zero, the observer, 
looking at any object directly through tho horizon-glass, will boo, 
not only that object, but also whatever other object Is so situated 
as to Hond Hh rays to tho toloscopo by relloction upon tho mir¬ 
rors ; awl (ha reading of tho vernier will give (ho angle at the instru¬ 
ment between the two objects whom images thus coiueMe; tho anglo 
between the planus of the two mirrors being just hair that between 
the objects, and tho half-degrees on tho limb being numbered as 
whole onos. 

77. Tho principal use of the Instrument is In measuring tlio altitude 
of tlio buu, At sen the observer, holding llio instrument with Ids right 
hand and keeping the plane of tlio aro vortloal, looks directly towards 
the visible horizon at the point under tlio sun, through the horizon- 
glass (whenoo its name) ; then by moving the vernier with Ids 
loft hand, he inclines the Index-gloss upwards until one edge of tho 
rollootod imago of the sun is brought just to touch tho horizon-line, 
noting tho exact time by tho chronometer, If necessary. The rending 
of tho vender, after correcting for tlio Hond-dlamotor of the aim, the 
dip of tlio horizon, the refraction, and tho parallax (and for tho 
“♦Index-error” of the soxtant, If tho vernier docs not road strictly 
zoro whon tho mirrors arc parallol) gives tlio sun'Btruo altitude at tho 
mom out. 
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78. On land the visible horizon is ot! no uso, and wc luivo rucnuvHo In an 
artificial horizon" as ife is called. This is merely a shallow Imam of mercury, 
covered, when necessary to protect it. from the wind, with a roof nmdn nf 
glass plates having their sides plane and parallel, 

In this case we measure the angle between the sun's imago refloated in ( ho 
mercury and the sun itself. The reading of the instrument, corrected for 
index-error, gives twice the sun’s apparent altitude ; which apparent altitude, 

corrected as before for refract inn and 
parallax, but not for dip of the horizon, 
gives the true altitude. Tho skilful uki* 
of the sextant requires HtuudimwH id' 
hand and considerable doxtorily* and 
from the small size of the tolescopo fhc 
angles measured are of course less pr<v 
oisc than if determined by largo fixed 
instruments. But its portability and 
applicability at sea vendor it absolutely 
invaluable. 



Fig. 32, — Principle of the Sextant, 


79. The principle that tho trim angle 
between the objects whoso images coin¬ 
cide is twice tho angle between the mir- 

, , TOW * C 01 ’ botween their normals) is oumlv 

demonstrated as follows (Fig, 32) * 

The ray SJ/coming from an object, after reflection first at M (tlm imlox- 
mmoiO, and then at II (tho horizon-glass), is mack to coincide with tlm 
ay Off coming from tho horizon. Wo must, prove that tho angln .S7v7>, be¬ 
tween the object and the horizon, ns seen from tho point E in tlm instrument, 
is double the angle Q, between MQ and HQ, which arc norm ale to tlm i.ilv- 

rois, and therefore double Q', which is tho angle between tho planus of tlm 
mirrors, 

Pitst, from tire law of reflection, we have, 

SMP = TJMP, or SMJira 2 x PM1L 
Similarly, MIIE - 3 x MIIQ, 

ffiffffTenuaHo n the s 1 ’ 1 ’"' 0 /?! 16 *“* *1'° e . Xt01 ‘ io1 ' ftngl0 SMH ot kho 

. sum of the opposite interior angles at If uml 12, wo got 

HEM =* SMH - MIIE = 2 PMIJ - 2 MIIQ = 2 (PMII — MIIQ). 

Similarly, from the triangle HMQ, we lmve 

IIQM = PMli - MIIQ, 

which is half tlie value just found for ft /.' i r , t 

j ss lounci loi ITEM, and proves the proposition. 
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Of 00111*80 with tho sextant, as with all other instruments, it is 
necessary for the observer who aims at tho utmost precision to inves¬ 
tigate, and take into account its errors of graduation, construction 
and adjustment; but their discussion does not belong here. 

80 . Bosidoa tho instruments we have described, thero are many 
others designed for speoial work, somo of which, ns the zenith tele-, 
scope, and helionieter, will be mentioned hereafter as it becomes 
necessary. There is also a whole class of physical instruments, 
photometers, spectroscopes, licnt-mensuring appliances, and photo¬ 
graphic apparatus, which will Imvo to be considered, in duo time. 

But with dock, meridian circle, and equatorial and tholr usual 
accessories, nil the fundamental observations of theoretical and spheri¬ 
cal astronomy can he supplied, The chronometer and sextant are 
practically the only astronomical instruments of any use at sea. 
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CHAPTER III. 


CORRECTIONS TO ASTRONOMIC Ah ORWHRVATIONH, DIP OK TIUO 
HORIZON, PARALLAX, SEMI-DIAMETER, REFRACTION, AND 
TWILIGHT. 


81, Dip of the Horizon. — In observations of the altitude of 
a heavenly body*at sea, where the measurement is intuit) from 
the sea-line, a correction is needed on account of the fact lluit 
this visible horizon docs not coincide with tiio true atttrouomkuil 
horizon (which is 00° from the zenith), hut 

-~j 7 * falls sensibly below it by an amount known 

as the Dip of the Horizon . The amount of 
this dip depends upon the size of the earth 
and the height of the observer's eye above 
the sou-level. 

In Fig. 88, G is the centre of the ourth, 
AB a portion of its level surface, and 0 (he 
observer, at an elevation h above A, The 
line OTI is truly horizontal, while the tangent 

Fig. 33, — Dip of tho Horizon. HllO, OB , corresponds to the HUO clmWH 

from tho eye to tho visible horizon. The 
angle HOB is the dip. This is obviously equal to the angle 0(W 
at the centre of the earth, if we regard the earth as spherical, as wo 
may do with quite sufficient accuracy for the purpose in hand. 

From the right-angled triangle OBO wo have directly 

cos 00B = -'L 
GO 

Puttiugi? for the radius of the earth, and A for the dip, this becomes 



COS A =' 


R 

li + Ji 


This formula is exact, but inconvenient, because it gives the small angle 
A by means of its cosine. Since, however, 1 —cos A = 2 sin 2 i A, wo easily 
obtain the following: — ' 
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givos tlio true depression oC Uio «oa horizon, its ifc would Iki if Lho 
Iin<5 of wight, cliwn from tho oyo to tho horizon lino, were straight. On 
con tit of refraction it ir not straight, howovor, and tho amount of this 
“ Ui]‘ro ft trial refraction M is very variable and nmiortain. Tfc Ir usual to 
(Uiniiijtih tho dip computed from the formula by one-eighth its whole amount. 

An approximate fonmiln 1 for the dip is 

A (in minutes of are) =s V7t (foot) ; 

or, in words, the squaw root of the elevation of the. ego (in feet) (jives 
the in minutes. This gives n value about part too large, 

Blnco the dip is upplicublo only to sextant observations made at 
soil, where, from tho nature of tho instrument, and tho rifling and 
falling of the observer with tho vessel's motion, it is not possiblo to 
ttioiimu'o altitudes more closely than within about 15", there is no 
need of any extreme precision in its calculation. 


1 This approximate formats may bu obtained ihim : — 

Hut since ~ to a very aninll fruction, It limy he neglected in the divisor 
and (In* expression beeomcfl simply, p 

2 slit 8 1A = 4; whence sin .] A - 
8ltice a Jb it vory small angle, 




A ~flhi A=^ 2 Bln rj A, ho that 

4 - ! VnrVS' 


To reduce ratlhiUR to minutes, we must nmltJfdy hy 8438, lho munher of minutes 
in a rnxllnn, Accordingly, 


A ; 


(In in Inn tea of arc) - 3438 



If wo exprcBH h In foot, wo must also uhu tho panic unite for It, Tito monu 
radius of lho earth Ib about 20,884,000 foot, one-half of which Is 10,442,000, nntl 
the square root of this in 0201 ; ro that the formula becomes 


A' 


0408 

0201 


\Z7^?eot) > 


whtcli Is iioar cnoagli lo tlmt given In tho loxt. 

In faot, the rofraotlon make# bo much difference that even after taking tho 

numerical factor, as unity, tho formula still gives A' about fa part too largo, 
928 1 

T*lio formula A’~ \f'*l h (metres) Uyct more nearly correct. 
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82 Parallax — In the most gcneial sense, “parallax ” m the cliungo 
of a body’s dnection resulting fiom the obseivoi’a dwpliuvmonl. In 
the xestucted and technical sense m which we arc to employ it now, 
it mav be defined as the difteience between the dneelion of a body <11 
actually obieibed and the dhection it would have if ecen from the mnlh’i 
centie Thus in the figiue, Fig 31, wtieio tho obscivei is mippoHecl 
to be at 0, the position of P In the sky (ns seon ficmi t>) would In* 
maiked hi the point wlieic OP piodnced would pieicc* the eoloulml 
spheie Its position as seen fioni 0 would be dolonuined in the 
same way by pioducmg CP to which OX is dinwn piunllel The 
angle POX, theiefoie, oi its equal, OPC, is the pantllao, of P ftiv 
an observe) at 0 

Obuously, fiom tho figme, we may also give tho following 

tlon of the piu illax, It is the auffif- 
lai distance (number of hocoihIh of 
arc) between the ohm vvr'n station and 
the cenhe of the earth's disc, as sent 
fiom the body observed Tho moon’n 

paiallax at any momont Xoi nu i in my 
angular distance fi om tlu> om th’n ecu- 
tie, as seen by 41 tho man in tho moon ” 
When a body is m tho zenith its 
parallax is zero, and it is a nmxh 
mum at the horizon In all winch it 
depresses a body, diminishing tho 
altitude without thamjintj the azimuth 
The 44 law ” of the paiallax is, that it caries as the sine nf the zenith ths* 
tance dhectly,md inversely as thehnear distance (in miles) of the body 
This follows easily from* tho tuangle OOP , where wo lmvu 
PQ\ 00“ sin OOP sin GPO 

Put D for PO, the distance of tlie body from tho ciuHi; Ji for 
the earth’s radius, 00 ; p foi OPO, the parallax ; £ for ZOP, the uppai- 
ent zemth distance, and remembei that the sino of £ in equal to Ilia 
smeof its supplement, OOP, we then liavo ns tho tiaiiHlaiiou of 
the above piopoition, 

D B — sin £ sm p< 
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This gives us sin p = 

or, siuce p is always a small angle, 


^ 81° £ i 


P 


R 


■■ 206265"~ sin £, 
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83- Horizontal Parallax. — When a body is at the horizon in 
tilo figure), then £ becomes 90°, and sin £ = 1. Xu this case the par¬ 
allax readies its maximum value, whioli in called the horizontal paral¬ 
lax of the body. Takings* as tho symbol for this, wo have 

or, noarly enough,^ « 20fi2Gr>"|~. 

Comparing tills with the formula abovo, wo soo that tho parallax of 
a body at nuy ztinlth dlatanoo equals tho horizontal parallax multiplied 
by the sine of the-zenith distance; he,, pi =±p h sln£, 

N, B. A glanco nt tlio figure will show that wo may define the 
horizontal parallax, of any body, i\u the angular armi-diameter 

of the earth seen from that body. To say, for Inetanco, that the aim's 
horizontal parallax Is 8",8, amounts to saying that, seen from the aim, 
tho earth's apparent diameter is twice 8",8, or 17".0. 

84. Eolation between Horizontal Parallax and Distant)©.—Siuce 
M r o havo 

It follows of course that ]) — li -h { 



85- Equatorial Parallax.—Owing to tho “ olliptiolfcy ” or “ ob- 
lut©ncHs ,, of tho earth tho horizontal parallax of a body varies 
slightly at different places, being a maximum at the equator, whero 
tho distance of an obscirvor from tho earth's centra is greatest. It 
i« agreed to take as the standard the equatorial horizontal parallax; 
r'.e,, tho earth's equatorial somi-dlamotcr as soon from tho body. 


88. Diurnal Parallax* — The parallax wo havo boon dlBoueeing Ib 
somoblmos called tho diurnal pandlax> booauso it runs through all! to 
possible changes in one day. 


When tho sun, for histanoo, is rising, its parallax ia a maximum, and by 
throwing it down towards tho east, increases itfl apparent right ascension, 
At noon, when tho sun ia on tho meridian, its parallax Is a minimum, and' 
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aftecls only the declination At sunset it is again a maximum, bul now 
tlnows the sun’s appai out place down towaids the west* Although tho sun 
is invisible while below the hon/on, yet tho paiailax, qeomet) ically iotmdeted, 
again becomes a mini mum at midnight, legaimni; its ougmal value at tlio 
next sutuise 

The qualifier, lv duunol,” is seldom used except when it is nccos- 
smy to distinguish between tins kind of parallax and tlio annual 
paiailax of tho fixed stais, which is duo to tlio eaith's oilutal motion 
The stais aie so far away that they have no sensible dhunal paiailax 
(the oaith is an infinitesimal point as seen fiom them) , but some of 
them do have a slight and me asm able annual parallax, by means 
of which we can loughly doteiminc then distances, (Chap. XIX ) 

87* Smallness of Parallax —The hon/ontal pa) alia u ot even tho 
nearest of the heavenly bodies is always small In the ease of tho 
moon tho avoiftge value is about 07', vniymg with her continually 
changing distance. Excepting now and then a stiay comet, no othei 
heavenly body ever comes within a distance a bundled times us great 
as hois. Venus and Mais appioach nearest, but tho paiailax of 
neither of them evci leaches 10" 

88 Semi-Diameter, — In older to obtain the true altitude of an 
object it is necessaiy, if tho edge, or as it is oallod, has been 

observed, to add or deduct the apparent semi-diameter of the object 
Iu most cases this will be sensibly tho samo in all pails of tho sky, 
but the moon is so neai that there is quite a poieeptible dWoronoo 
between her dmmotoi when in the zenith and in the hon/on 


A glanco at Fig, 34 shows that m the yomth tho moon's dislanoo is loss 
than at the hon/on, by almost exactly tho eaitli'fl melius — tho dilTeionoo 
betweon the lines OZ and OP h Xow this is voiy newly one sixtieth pail 
of the moon’s distance, and consequently the moon, on a night when its 
appai ent diametei at using is 30', will bo 30" huget when neai the sronitli 
Smco tho sonn chflinetoi given in the almanac is what would he soon fiom tho 
centre of the ea)tft> oveiy measuie of the moon's distance fiom stais oi fiom 
thehou/on will lequiiens to take into account tins “augmentation oi tho 
semi diametei,^ as it is technically called 

Tho foi mala, easily deduced fiom the fig me by lememboimg Chat the 
angle P CO = £~p (zenith distance —paiailax), and that the appai out and 
“ almanac ” diamcteis will he inversely piopoilional to the two distances 
OP and CP t is 


appaient semi diametei = almanac s, 


d. X 


sm j 

sin (X-p) 
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Thin mofimii'n bio increase of tho mooii’n angular diameter at high 
altitudes lma nothing to do with the purely subjective illuBion which 
makes tho disc look larger to us when mar the horizon, That it is a 
more illusion may be nmdo evident by simply looting through n dark 
gluas just denno enough to hide the horizon and intervening land¬ 
scape, Tho moon or Him then HoemH to Hhrluk at once to normal 
dimciudoiiB. 


89. Eefraotloii. — Hays of llglit have their direction cluuigod by 
refraction in pawning through tho air, and an the direction in which we 
see a body is that in which its light reaches the m/c, it follows that this 
refraction apparently dis¬ 
places the Htiu'B and all 
bodies Hccn through the 
atmosphere. Ho far ns 
tho action Is regular, tho 
effect is to head the rays 
directly downwards, and 
tluiH tu make the objects 
appear higher in the Bley. 

Ho fraction the 

altitude of a ccloBtlal ob- 
jeot without altering the 
azimuth. Like parallax, 
it in zero at tho zenith 
and a maximum at tho 
horizon; but it follows a 

different law. It In entirely Independent of the distance of tho 
object, and ltw amount Yuries (nearly) as the tangent of tho zenith 
distance — not as the jj/ne, an In the cuho of parallax. 



GO. Thin approximate law nf the rofmotion in easily proved. 

Suppose in Tig. {15 that the observer at 0 hcob a star in the dlrootion 0 *S ( 
at the zenith distance ZOti or £, Tho light lias roaohed him from S } by a 
path which wuh straight until tho ray met the uppor surface of tho air at A t 
but afterwurds curved oonLlmiully downwards as it passed from raver to 
du tutor regions. 

Wo know that the atmosphere is very hIuiUow us compared with tho fiizo 
of tlin earth, and it is exceedingly rare in tlio upper portions, ho that, ns 
far as concertm refraction, we may assume that tlio point A , where tho first 
perceptible bonding of the ray ocours, is not more than fifty miloa high, 
and that the vertical AZ f is sensibly jmndlcl to OZ ,* consequently, also, 
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tliafc all (he sucrebnve “stiata of equal (ktmty” ate pautUtl to v<«h othn anti 
to the uppet sutjace of the ao 

[This amounts to neglecting tho oaith'tf cmvatiuo boUvcon 0 and A } 

Tho /cnitli distance (as it would lio if thorn wmo uo mhmtnm) n 
%DS\ which equals ZhiS 1 1 and siuco the ldiorf Jmi, h may bo doliuud ns 
the difteience between t!io tiue and appaiont /ninth dmliuiu's, tins tnw 
zenith distance will= £ + ? 

Now bom optical pnnciples, when a lay of light pussos Ummgh a 
medium composed of paiallol stiata, tho final ducction ot Urn my is Urn 
same as if the medium had thiougliout tho density of tho last all alum, 
and theiefoio the final duection, SO } will )>p tho same as if all tlm an, fimn 
A down, had the same density as at 0 } with tlio same mdn\ of mil notion, 
n AVe may theiefoie apply the law of 1 oft action dins lly at >1, ami wntn 
sm Z^iS^n sm BiC (= ZOS), oi sm (£ 4- 0 — n mp £, At' being diawn 
paiallel to OS 

Developing the fhst meinlici, wo jiavo 

sin £ cos / + cos £ sin i = n sm £ 

But i is always a small angle, nevoi exceeding 40', wo may llioinfntu iahu 
cos ? = 1 Doing this and tiansposmg tho fust toim, wo gol 

los £ sm j^n sin £-mn £^(«-l) sin £, 

Whence* sum = (n ~1) tan £, 

ou 0>- 1) 206205 tan £ (noaily) 


v llie index of tefinotion foi air, at zeio contif/mdv and a haumvti'n' 
piessute of 760™\ is l 000204 ; whence, 


= 000204 x 200265 x tan£ ^ 60".G tan £. 

, <iquatl0n l)okls vei y nef «Jy indeed down to a zenith distuned 
of /0 , hut finis as we approach the hon/on. Foi rays oonmm noarlv 
horizontal the points A and JS a,e so fat f,o,n 6 that the normal 
, ’ sno iongei Poetically pa, allci to OZ; and many of tho other 
down™ aSS " mpt,0U8 0,1 which the m based also break 

..rtrr-r 8 <= , ,o ° " mi «-«*»«». mo iw« 

gne sm j - infinity also; an absmdity, since no sine ain 
e\ceed unity The icfiaction there is really aliout 87', under the 
ciicuinstances of temperature and pressure above indicated. 
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01. Effect of Temperature and Baromotrio Pressure. — Tim Index 
of rcfraction of air depends of course upon Its temperature and pressure. 
As the air grows wanner, its refractiv e power decreases; ns it grows 
denser, the ref motion increases. Hence, in all precise observations of 
the altitude (or zenith distance), it is necessary to note both tlio 
thermometer and the barometer, in order to compute the refraction 
with accuracy. For rough work, like ordinary sextant observations, 
it will answer to use the “ mean ref mot ion,” corresponding to an 
average state of things, 

Tables of Refraction. — Thu computation of tlio rofracfcion is host 
elToeUul by special tables made for Lho purpose; of those, HohkoI'a tallies aro 
the most convenient, host known, and probably oven yet tlio most accurate. 
It must bo always borne in mind, however, that from the notion of wind mid 
other causes lho condition of the air along the path of tlio ray is seldom per¬ 
fectly normal j in oonsmpionoo, the actual refraction in any given case la lia¬ 
ble to differ from tho computed by as much as mm or even two por oont. 
No amount of oare in observation can evade this dillleulty; the only remedy 
is a mifilciont repetition of observations under varying atmospheric condi¬ 
tions. Observations at mi altitude below 10° or 15° aro never much to bo 
trusted. 

Lateral Rofraotion.— When the air is much disturbed, non l oil in us ob¬ 
jects are displuoed horizontally as well ns vertically. Indeed, as a gonornl 
rule, when one looks at a star with a largo telescope and high powor, it will 
Hoem to “dance” more or Iosh —■ tlio offeot uf tho varying refraction which 
continually displaces tlio Imago. 

92. Effect on the Time of Sunrise and Sunset. —Tho horizontal re¬ 
fraction, ranging as It docs from 81' to 3U', according to temperature, 
Is always somewhat greater than ilm diameter of cither the sun or 
the moon. At tlio moment, therefore, when tho sun’s lowor limb 
appears to bo just rising, the whole disc is really below tho piano 
of the horizon; |iml the lime of sunrise in our latitudes is time 
accclorntcd from two to four minutes, according to tho inclination of 
tho hum’s diurnal circle to the horizon, which inclination vnrien with 
tho lime of tho year, Of course, sunset is delayed by tho briho 
amount, and thus tho day Is lengthened by refraction from four 
to eight minutes, at tlio expense of the night. 

93. Effect on the Form and Size of the Discs of the Sun and Moon, 
— Near the horizon tho refraction changes very rapidly. While un¬ 
der ordinary Hiunmor tompemturo it Is about 35' at lho horizon, it Is 
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only 20’ at an ele\alion of half a degioo , so tlmti as the sun oi moon 
uses, the bottom of the disc is lifted 6' moio than the top, and the 
xeifcical diameter is thus made apparently about one-htth pmt shoitei 
than the hon/ontal This distoits the disc into the form of an o\al, 
flattened on the under side. In cold weathex the effect is mmh moie 
nmiked As the liou/ontal diametex is not at all ineieased by the 
lofractiou, the apparent mm of the disc is notably diminished by it, 
so that it is eudent tlmt lefi action cannot bo held m any way 10 - 
spoxiaibic foi the appaieut enhugement of the using luminaly« 

94 Deteinunation of the Refraction —1* rintsital Method* 
Theoiy furnishes the law of astionoimeal lefruotion, though the 
mathematical expicssion becomes rather complicated when wc attempt 
to jnako it exact* In oidei, theiefore, to doteiinmo the asltonomical 
iofiaction mulei all possible euoumstances, it is only nooewaiy to 
deteunine the index of lefiaction of mr,and its vnnations with tem- 
peiatmo and prcssmojby laboiatoiy expei iments, and to intiodnco the 
constants thus obtained into the formulas It is difficult, however, to 
make these dotoi munitions with the neeossaiy piccision In fact, at 
picsent om knowledge of the constants of an lests mainly on astio- 
norm cal uoik 

2 By Oho nations of Cueumpoho Slats, At an obsmuitoiy whoso 
latitude exceeds 45° select some star which passes thumyh the zenith 
at the uppoi culmination (Its declination must equal the latitude of 
the obseivatoiy ) It will nob be affected by roll action at the zenith, 
while at tlio lower culmination, twelve boms later, lb will With the 
mentlmn cucie obsoivo its point distance m both positions, determin¬ 
ing the u poliu point” of the cucle ns desenbed on pp 1(>~47, If the 
polfti point weie not itself affected by ref i action, the simple diilci- 
encc between the two lcsults fox the star’s polar distance, obtauiod 
fiom the upper mid lower observations, would bo tlio lefi action at 
the low er point 

Asa first app) ownatioii) liowevei, we may neglect tho i ef i action 
at the pole, and thus obtain a Jlist lippioximaio lower lefraolion 
By means of Hus we may compute an approximate polar redaction, 
and so get a fiist u collected polar point” With this compute a 
second appioxmmtc lowei lefiaction, which will bo much more ncaih 
light than the first, this will give a second “collected polai point” , 
this will in turn give us a third appioxinmtion to the lefiaction ; and 
so on But it would never be necessmy to go beyond tho third, as 
the nppioximation is veiy rapid If the star does not go exactly 
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through tho zonlth, it is only necessary to compute oaeh iiino approxi¬ 
mate rofmotions for its upper observation, ub well as for the polar 
point. 

At present, however, tho refraction is so well known that tho 
method actually used is to form “ equations of condition ” from the 
observations of the altitude of known stars untlor varying circum¬ 
stances, and from tlicse to deduce such corrections to tho star places 
and refraction constants as will best harmonize tho whole mass of 
m ate rial. 

/' 

96. 8, By Observations of the Altitudes of Equatorial Stars inado at an Ob¬ 

servatory near the Equator, For an observer no situated, stars that are on the 
coloatial equator (8= 0) will come to the meridian at the zenith, and will rise 
and fall verUcally t with a motion strictly proportional to the lime; tho inw zenith 
distance of tho star at any moinonfc being just equal to its hoar-angle in 
dogrccs. Wo have only, then, to obnorvo tho apparent zenith dlstancn of a 
star with tho corresponding timo, and tho rof ruction comes out directly. 

If tho station is not exactly, on fclio oquator, and If tho star's declination is 
nob cxaotly zero, it is only necessary to know tho latitude and declination 
approximately in order to gob the rcfraotlon very accurately: a considumblo 
error in oithor latitude or declination will affect the result but slightly. 

4, Tho French astronomer Loowy has recently proposed a method which 
promisor well, IIo puts a pair of roflooLors, inclined to ouch otlior at a con¬ 
venient anglo of from d5° to H0° (a glass wedge with silvered sides), in front 
of tho object-glass of an equatorial. This will bring to tho eye two rays 
whioli mako a strictly constant angle with each otlior, and thoro is no difll- 
oulfcy in finding pairs of stars so situated that blioir linages will come into 
the field of view together. Now, woro it not for ref motion, thoso images 
would always keep thoir relative position unchanged, notwithstanding the 
diurnal motion; but on account of tiio ohangos in tho rofraotlon, as ojio fltnr 
risoB and tho other falls, they will shift in tho field, and mioromotrlo incas- 
lilies will determine tho shifting, and so tho refraction, with groat precision. 

96. Twilight. — (Although tills subject Is outside the main purpose of tills 
cimptor, which deals with corrections to bo, applied to astronomical observations, wo 
treat It lioro bocausc, like rofraotlon, It la a purely atmosphorlo phononionou, and 
finds no othor moro convenient placof) 

Twilight, tlio illumination of tho sky whioli begins beforo sunrise, 
and contiuuos after sunset, is caused by tho reflection of light to the 
observer from tho upper regions of tho earth’s atmosphere, It is not 
yet certain whether this is duo to reflection from foreign mnttor In tho 
air, auoh ns minufco crystals of ice and salt, particles of dust of 
various kinds, and infinitesimal drops of wntor, or whether the (Mire 
gases themselves lmvo some- power of roficotiug light. Thoro is ho 
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riutibt, however, that air, under Hie ordinary conditions, possesses 
considerable power of reflection; so that, ns long ns any air upon 
which the sun is shining is visible to the observer, it will send him 
more or less light* and appear illuminated* 

Suppose the atmosphere to havo the depth indicated in the figure. 
Then, if the sun is at jS\ Fig. 8G, it will just have set to an observer at 1, 
but all the air within his range of vision will still be illuminated. When, 
by the earth’s rotation, he has been transported to 2, ho will see the 
u twilight bow” rising in the east, a faintly reddish arc separating 
the illuminated part of the sky from the darkened part below, which 
lies in the shadow of the earth. When he reaches 8, the western 
half of the sky alone remains bright, but the are of separation be¬ 



tween tbc light and darkness has become vague and indefinite ; when 
he reaches 4, only a glow remains In the west; and when he comes 
.to 5, night closes in on him. Nothing* remains in sight on which 
the sun is shining. 

97. Duration of Twilight . — This depends upon tho height oi the atmos¬ 
phere, and tho angle at which the sun’s diurnal circle cuts tho horizon. Jt is 
found as a matter of observation, not admitting, however, of much precision, 
that twilight lasts until the aun has sunk about 18° below tho horizon; that 
•5s to say, tho angle 1 C 5 in the figure is about 18°. 

The time required to reach this point in latitude 40° varies from two 
hours at tho longest days in summer, to one hour thirty minutes about Oct. 
12 and March 1, when it is least. At the winter solstice' it is about one 
hour and thirty-live minutes. 

In higher latitudes tlio twilight lasts longer, and the variation is more 
considerable: the date of the minimum also shifts, 

-Near tho equator the duration is shorter, hardly exceeding an hour at tho 
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Sea-level; ‘ wliilo at high elevations (where tho amount of air above tho 
observer's lovol is lass) it becomes very brief. At Quito and Lima it is 
fluid nob to lust more limn twenty minutes. Probably, also, in mountain 
regions tho clearness of the nil', and its purity contribute to tho effect, 

98. Height of the Atmosphere.—It is evident from the figure that 
at the moment twilight coupes, the last visible portion of (llumhmtod 
air Is at the top of the atmosphere, and just half-way hotweon the ob¬ 
server and the nearest point whoro the sun is setting. If tho whole uro 
], 0 is 18°, 1, 8 is 9° : then calling tho height of the atmosphere II and 
the earth's radius R ) and neglecting refraction (/.<?., supposing the lines 
1 m and 0 m to bo straight), we have from tho right-angled trlnnglo 
1 Cm , Cm = 1 0 x soo 9°, or R 4- II = R X see 9° ; alienee II ?= R 
(hoc 9° — 1) = 0.0126 R) or almost exactly fifty miles. This must 
bo diminished about one-fifth part on account of tho curvature of 
tho lines \m and bm by refraction, making tho height of tho atmos¬ 
phere about forty miles. 

Tho result must not, however, bfl accepted too confidently. It only 
proves that wo get no sonBiblo twilight illumination from air nt a 
greater height; nbovo that elevation the air is cither too rare, or too 
pure frpm foreign particles, to send us any perceptible, reflection. 
There Is abundant ovldcuoo Horn the phenomena of motcors that thq 
atmosphoro extends to a height of 100 miles at least, and it cannot 
bo asserted positively that it lias any definite upper limit. 

99, Aberration. — There Is yet ono moro correction which im» to bo 
applied in order to get tho truo direction of the lino which nt tho instant of 
observation Joins tho oyo of tho obrervor to the star lie Is pointing at, Tho 
aberration of light is an apparent displacement of tha object obBorved, duo 
to tho combination of tho earth's orbital motion with tho progrosBivp motion 
of light. It cun bo hotter discussed, howuyor, in a difPoront connection (soo 
Chap, VI.). and wo content onraolvos with morely mentioning W here. 
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CHAPTER IV. 

PROBLEMS OP PRACTICAL ASTRONOMY, LATITUDE, TIME, 
LONGITUDE, AZIMUTH, AND THE It Id I IT ASCENSION AND 
DECLINATION OP A HEAVENLY BODY. 


100. There are certain problems of Practical Astronomy which 
Imve to be solved in obtaining the fundamental facts from which mi 
deduce our knowledge of tho earth’s form and dimensions, and other 
astronomical data. 

The first of these problems is that of the 


LATTBUDK, 

Tlie latitude ( astronomical) of a place (Ait 30) is simply the allUmlv 
oj the celestial pole ( Polhohe ), or, what comes to tho aivino tiling - , ns is 
evident from 1< ig, 7 (Art. 33), it is tho declination of the zenith. .11 iviti y 
also be defined, from the mechanical point of view, as the awjle between 
the plane of the earth's equator and the observer's plumb-lin e or Vert lath 


^either of these definitions assumes anything as to tho form of tho earth, 
and we shall find farther on that this astronomical latitude is seldom identical 
' ie geocentric, nor even with the geodetic latitiulo of a place, I|, j H , 
however, the only kind of latitude which onn bo directly detormlnod from 
?' l ' onoin! ^ i observations, and its determination is one of the most impoi - . 
taut operations of wlmt may.be called Economic Astronomy. 

J^ 1 '. Betemi «ation of latitude— Firsti Ih,Circumpohm. Tho 

meridhn Til” ° f <1<5t f rmini,, S 11,0 >*«*«>« ^ observe, with tlm 
mcrid.a , circle or some analogous instrument, the altitude of aelroum- 

* 5 18 " l> P° r ^i^ioatioii, and again, twelve hours Inter, „t 

a,Id then fbn a 2 obserVationa ,m,st t,c covroctod for refract inn, 

the mean of the two corrected altitudes will be the UdUutlfi , 

not^eonlre^nv data’r nd r anta ®. e of . Wn g m independent ono: i.e„ it does 



LATITUDE. 


71 


L02. Second; By the meridian altitude or zenith distance of a 
ly of known declination, 

fn Fig. 1)7 tho Hcinlclrclo AQPB is tho moridian, Q and P being 
p actively tho equator and the pole, and Z tho zenith, QZ is 

declination of the zenith , or the observer's latitude (=PJ3= <£). 
>poso now that wo obsorve Zs (=i £ t ), tho zenith distance of a 
t’ s (south of tho zenith), ns it crosses the meridian, and that its 
dilution Q.8 (t= 8.) is known \ then evidently $ = 8, + 
n tho same way, if tho star wore at n, between zenith and polo, 

= 8 , - L- 


f wo uho the meridian. circle, wo oan nlways soloot stars that pass near 
zenith where tho rofruotton will bo small; moreover, wo oan soleot them 
iicli ft way that some will be as much north of the zonitli as others aro 
h, and thus eliminate tho rofrnction errors, Tint wo liavo to got our star 
illations out of catalogues made by provious observers, and so tho method 
^t uti independent nun. 


33. At Sea. tho latitude Is usually obtained by obsei'ving with the sex- 
Ike. Hun^ maximum altitude, which 
ourso occurs at noon. Since at sea 
seldom that one knows beforehand 
lisely (he moment of local noon, 
observer takes care to bogin to ob- 
o tho sun’s altitude some ton or 
mi niinutos earlier, repeating his 
rvatlona every mtnuto or two. At 
Lho altitude will kcop Increasing, but immediately after noon It 
begin to decrease, Tho observer uses therefore tho maximum 1 
ido obtained, which, oorrooted for refraction, parallax, somi- 
ioter, and dip of tho horizon, will give him tho true latitude of 
hip, by tho formula <f> 8 ± f. 
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4. Third : By Circum-meridian Altitudes. — If the observer knows 
mo with roasonahlo oocuraoy, ho can obtain his ladbiulo from observa- 
mado when tho body is Hear tho moridian, with practically tho samo 
don as at the moinont of moridian passage. It would tako us a litfclu 


n account of lho sun's motion la declination, and tho northward or jouLlu 
motion of the fillip itself, tho sun's maximum nltiliulo is usually altnlnod 
cmdy on the inerldlnn, hut a few seconds enrller or In lor. This required n 
correction to tho deduced latitude, oxplnlncd in books on Navigation or 
cal Astronomy, ^ 
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too far to explain the method of reduction, which in given with t tin ummsary 
tables in* all works on Practical Astronomy. The great advantage nl‘ this 
method is that the observer is not restricted to a single observation at ouch 
meridian-passage of the sun or of the selected star, hut can utilize the lullf- 
hours preceding and following that moment, Thu meridian-circle caimtd 
he used, ns the instrument must be such ns to make extra-meridian 
observations possible. Usually the sextant or universal instrument is 
employed. This method is much used in the French and Gorman grodelii 
surveys. 


105. Fourth : The Zenith Telescope Method, — (Sometimes known us 
the American method, because first practically introduced by Captain Tulrott nf the 
United States Engineers, in a boundary survey In 

The essential characteristic of the method is the mtmmiMr. merm- 




urement of the difference between Iho 
nearly equal zenith distances of two slain 
which eulminftto within a few minnlcs 
of each other, one north anti the oilier 
south a of the zenith, and not very fur 
from it: such pairs of stars can always 
ho found. When the method was first 
introduced, a special instnunonl, known 
as the zenith telescope, was gene rally 
employed, but at present a simple irnnsit 
instrument, with declination micmnielcM*, 
and a delicate level attached to Iho tele¬ 
scope lube, is ordinarily used* 

The telescope is Bet at Iho proper alti¬ 
tude for the star which first conies lo Mm 


Fl «- 3S * meridian, and tho “ latitude level, M uh i Us 

Principle of lUeZenlil, Telescope. Called, is Set horizon tftl ; 08 111,) Mill’ pilsKl'a 

noitli or annHi ti t tliroiigli the Hold of view ilK dlslnni’i! 

1 01 south of 111 e central wire is measured bv the mlmiitivlvr 
Illo MMM Is .1,« memsl, „ » d |, v ™ •'; 

revtm , U, f |BVC * » "Wiln borhonhl. Aru; ll.l. 

a! ™ tto opposite ,1,1,. „r ,l„, 

sl ?: '“ ms am ** n * «.»- .. 

field 1 Hw r> • ' c ls * I1 >iec north or .south of tlie eenlre of 11 io 

^mmeof ulo” 
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From Fig. 37 wo lmvu 


for star w ulh of zenith, 8, + £,; 
for star north of zenith, </> » S M — 

Adding Llio two equation** and dividing by 2, wo Imvo 

The star catalogue gives un tho declinations of the two stare 
(S ( -f S H ) ; nnd tho dilTorcnoo of the zenith diaUineea (£,—{„) la de¬ 
termined with groat fiocuruoy by tho micromotor niCABiiros. 

Tho great advantage of tho mnfliod coiiHisls in its dispensing wilh n 
graduated ch'cle, and in avoiding almost wholly llio morn duo to 
lion; it virtually utilizes the drains of tho fixed nhnni'VAtnrioH hy which 
tho star declinations have boon muiuuirnri, without roqulilng them to lu» 
brought into tho hold. Forty yours ago it was not always easy to Hiui 
acoumto determinations of the declinations 
of tho stars employed, hut ut present liio slur 
catalogues have boon so oxtotulod and im~ 
provod that this difficulty 1ms practically dinn]*- 
l»ared, so that this molhod of determining the 
latitude is now not only the most convenient 
and rapid, but is quite ur pi'eciso as any, If tlm 
lovol is Riiniolontly sensitive. Kvldontly the 
limit of aooiu'Roy depends upon tho oxncfctiOHS 
with which tho lovol measures the slight, Imfc 
inovitablo, difference hetwnon the InclinationH 
of tho'instrument whop pointodon tho Lwostaifi, by l’rlmo vertical Tmnsltt 

106. Fifth : By tho Prime Vertical luRlrmmnt (p. 48). —Wo observe 
simply the moment when a known star passes tho prime vortical on the 
eastern side, and again 141011 the western side, Half Mm interval will give 
the hour-anyle of tho star wlinn 011 tho primo vorlionl; i.e^ tho anglo ZPS 
in Fig. 80, whoro Z is tlio zonith, P the polo, and SZS’ tho primo vortloah 
Tho distanoo PS of tho star from tlio points tho com pi cun on t of tho slur's 
dooliimtion; and PZ in tlio complement of Urn observer^ latitude. Sbico 
tho primo vortiaal \s porpondioular to thn morldlan ut (ho zonlth, the fri- 
anglo PZS will ho riglit-anglod at Z, and from Napier's mlo of circular 
parts (Luklng ZPS as the middle part) wo shall huyo 

00s ZPS^ tan PZ cot PS, 
cos / - col (f) tdii 8; 

fcun ** tan 8 see i. & 


or 

whence 
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If S nearly equals <£, t will be small, and a considerable error in the obser¬ 
vation of / will then produce very little change in its secant or in the com¬ 
puted latitude. 

The observations are not so convenient and easy as in the case of th 
zenith telescope, and the inmfber of stars available is less; but tho mothm. 
presents the great advantage pf requiring nothing but an ordinary transit 
instrument, without any special outfit of micrometer and latitude level. 
It also entirely evades the difficulties caused by refraction. 


107. : Sixth : By the Gnomon, ~ The ancients had no Instrument*) 
miclrns we have hitherto described, and of course could not use any 
of the preceding methods of finding the latitude. They were, how¬ 
ever, able to make a very respectable approximation by means of tho 
simplest of all astronomical instruments, the gnomon . This is merely 
a verticil I shaft or column of known height erected on a perfectly 

horizontal plane; and the 
observation consists in notv 
ing the length of tho shadow 
cast at noon at certain times, 
of the year, 

Suppose, for instance, that 
on the day of the summer 
solstice, at noon, the length 
of the shadow is AG, Fig. 40. 
The height AB being given, 
we can easily computo in 
the right-angled triangle the 
angle ABC , which equals 
tSBZy the sun's zenith dis¬ 
tance when farthest north. Again observe tho length AD of the 
shadow at noon of the shortest day in’winter) and compute the angle 
ABD , which is the sun’s corresponding zenith distance when farthest 
south. Now, since the sun travels equal distances north and south 
of the celestial equator, the mean of the two results will give the 
angular distance between th$ equator and the zenith; i'.c., the decli¬ 
nation-of the zenith, which (Art 100) is the latitude of the place. 



UUliulo l>y tlic Giu>rnon, 


The method is an in dependent ono, like that by tho observation of cir¬ 
cumpolar stars, requiring no data except those which the observer determines 
for himself. Evidently, however, it does not admit of much -accuracy, since 
the penumbra at the end of the shadow makes it impossible lo measure its 
length vary precisely. 

It should be noted that tho ancients, instead of designating tho position 
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of a place by menus of its latitude, iibdcI its climate instead j the climate 
l from k\{jjxi) boing fcho dope of tho piano of tho oolostiul equator, tlio angle 
d/?!/, wliioli is the complement of tho latitude 

It Is supposed, indeed known, that many of tlio Egyptian obelisks woro 
^ roo to cl primarily to servo ns gnomons, and worn uhgcI fop Unit purpose, 

f 108" Possible Variations of the Xatitnde. — Tt Is an Interesting ques- 
tion whether tho position of tlio earth's axis injured with reference to its 
mass anrl surface. Theoretically it 3s hardly posslblo that it should bo, 
because any change in tJio arrangement of tlm matter of the earth, by 
denudation, subsiclonco, or olovatioii, would almost necessarily disturb It, 
If so disturbed, tho latitudes of plucos toward M'hlch tlio pole approached 
would bo inoimsod, mid tliosa on tlio opposite side would be dcoronsod. At 
present wo can only.say that If snob dislurlmnoo 1ms uouurrcd, it must; have 
boon oxtrcmoly slight for tho last 1200 years, not oxoucwling 40 or (30 foot at 
most; but thero aro suspicions of a niimile and progressive cliungo of tlio 
latitude of some of tho observatories (notably Pulkmva), wliioli liavu drawn 
attention to tlio matter, and tlio subjnot is under Investigation. 

TJMB AND ITS DBTKKMINATHJN, 

109. One of tlio most iinportanb probloniH pm/nnfcod to tbo ribtion- 
omGr Is tho determination of Tima. By universal consent tho appar¬ 
ent rotation of tlio heavens in made to furniah tlio standard, mid tlm 
determination of time is ofTeotcd by iihuoi* Lain big by observation thu 
hour-angle of the object nalccled Lo mark thn beginning of the day hy 
Us transit across the meridian* In prnutluo, tbroo kinds of tlma aro 
now recognised Hide real lime, apparent solar Ume } and mean 
solar lime . 

110. Sidereal Time .— As ban already boon explained (Art, 20), tho 
sidereal timo at nny moment is the hour-angle of the vernal equinox at 
that moment; or, wlmt ooiuob to tlio namo thing, though It Bounds dif¬ 
ferently, it is the time marked by a clock which in so set and adjusted 
ur to show noony or 0 h 00 n1 00 1 , at each transit of the vernal equinox. 
Tho sidereal da?/, thim doflnod, i» the timo Intervening botwoon two 
successive transits of tlio same star; at leant, lb is so within the 
hundredth part of a second, though on account of tlio procession of 
tho equinoxes (and tlio proper motions of tlio stars) Urn agreement 1 h 
not absolute, the diireronca amounting to about ono day in twenty- 
el x thousand ycafs. 

111. Apparent Solar Time. —Just as flidoronl time 1 b tho hour-angle 
of the vernal equinox, so at any moment tho apparent solar lirne is 
the hour-angle of the hvik It In tho timo nhonm by the suv-dialy and 
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its noon is when the sun crosses the meridian. On nmmul; oi Liio 
annual eastward motion of the sun among the stars (duo to tins 
earth’s orbital motion), this day is shout four minutes longer than 
the sidereal; and moreover, been use the sun’s motion in right iiHoeu* 
sion is not uniform, the apparent solnr days are not all of the mime 
length, nor, consequently, its hours, minutes, or seconds. Doretnher 
is fifty-one seconds longer from (apparent) noon to noon limn 
Sept. Kith. Forties reason, apparent solar time is not satisfactory 
for scientific use, and has long been discarded in favor of menu 
solar time. Until within about a hundred years, however, it urns Lint 
only kind of time commonly employed, and its use in the city of Puri* 
was not discontinued until the year. 1816. 


112. Mean Solar Time . — A “ fictitious sun ” is therefore iningmed, 
whic'h moves uniformly and in the celestial equator y completing its 
annual course in exactly the same time ns that in which the actual sun 
makes the circuit of the ecliptic. It is moan noon when this 4t ficti¬ 
tious sun” crosses the meridian, and at any moment the hour-any to 
of this “fictitious sun ” is the mean time for that moment. 


Sidereal time will not answer for business purposes, bccauso its noon (Mhj 
hansitof the vernal equinox) occurs at all hours of night and daylight in 
different seasons of the year. Apparent solar time is floimitifieally imsuim- 
factory, because of the variation in the length of its days and limns. And 
yet we have to live by the sun; its rising and setting, daylight and night, 
control our actions. In mean solar time we find a satisfactory compromise, 
an invariable time unit, ami still an agreement with muwlial time close rm mm h 
oi convenience. It:s the time now used for all purposes except in nnrhiin 
astronomical work. The difference between apparent time and nuian (iimo, 
n,I J ountin g t0 than about a quarter of an hour, is called ( ho oiitm- 

sixtcr — 11,1 -.—* “■« 


hi 

f 


liin ^' 7“ f m r ' ,,,ni * li<!s *'” to bv ">«»"» »f whii* ti„. 

a buef and simple calculation. 

- " r • rjs 
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(Art- 2G), it Is obvious tlmt Lius ilillVraicjc between tho right nsconmon 
of a known star and the lime shown hy n nidoreal clock at tho ins I tint 
when the star crosses (.lie middle wire of an accurately adjusted 
transit instrument, is the error oj 1 the clock nt tlmt moniont. Prac¬ 
tically, it is usual to observe n number of slurs (from eight Lo ten), 
reversing the instrument once? at least, mo ns Lo eliminate the col 11 mu¬ 
tton error (Art, (50). With a good instrument a skilled ohaorver can 
dotormino this clock error or “correction M within about one* thirtieth 
of asecoiifi of time, provided proper incnns arc taken to ascertain 
and allow for his “personal equation." 

114. Personal Equation *—Jt is found that every observer lias Ills 
own peculiarities of time observation with a transit, and his “pursomil 
equation” is tho amount to bo added (algebraically) to the time 
observed by him, in order to get tho actual moment or transit n« It 
would bo recorded by dome supposable arrangement, which should 
automatically register Ilia moment when the star’d imago was blNculud 
by tho who. 

This porfloiuil equation differa for different observers, hut Is reasonably 
(though never strictly) constant for one who has bad much practice. In tins 
crvso of observations with the chronograph, it is usually loss than ;bOM?. It 
can 1m determined by an apparatus in which an artHleiid slur, rnHumbHug 
the real stars as much as possible in appearance, in made lo traverse the field 
of view ami to telegraph its arrival at curtain wires, while Mm observer notes 
the moments for himself, 

One of the most important problems or practical astronomy now awaiting 
solution is the contrivance of some practical method of time observation 
froo from this annoying human element, tho personal equation, which Is 
always more or less uncertain ami variable. 

If mean time is wanted, It can bo deduced from tho sldomnl Mum 
by tho data of the aim anno. 

Tho ami nan also be observed Instead of Urn-stars, tho momout of 
the Binds transit bain# tlmt of apparent noon j but thin observation, 
for many reasons, Is far lose accurate and Hiillsliuitory limn observa¬ 
tions of tho Rtnrs. 

116. Second. Tho method of equal altitudes. — If wo observe with 
a sextant la tho forenoon the time shown by Llm (ilirunoniotor when the 
sun attains tho height indicated by a certain reading of tho sextant, and 
then in the afternoon, Mm time when the Rim again machos tho Bninu 
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altitude, the moment of apparent noon will be ball-way between the 
two observed times ; provided, of course, that the chronometer runs 
uniformly during the interval, and also provided that proper correc¬ 
tion is made for the sun’s alight motion in declination — a correction 
easily computed. 

The advantage of this method is that the errors of graduation of 
the sextant have no effect, nor is it necessary fdr tho observer to 
know hia latitude except approximately. 

Per contra.) there is, of course, danger that the afternoon observa¬ 
tions may be interfered witli by clouds; and, moreover, both obser¬ 
vations must be made at the same place.’ 

A modification of this method is now coming into extensive use, 
in which two different stars of known right ascension and of nearly 
the same declination are used, at equal altitudes east and west of tho 
meridian. 


116 . Third. By a, single altitude of the «s?m, the observer's latitude 
being known. —This ia the method usual at sea. Tho altitude of the sun 
haying boon measured with tiie sextant, and the corresponding* time 
shown by the chronometer having been accurately noted, we compute 

the hour-angle of the mm, J\ 
from tho triangle ZPS (hig. 
41), and this hour-angle cor¬ 
rected for the equation of 
time* gives the true moan 
time at the observed moment. 
The difference between this 
^- J iif and that shown by the ohro- 

rttt.4I,-‘lK-tun,iij,aUo„ of Tlmo- by n SingledHEliide, llome tCl’ ^ CVVOV of the 

chronometer. In the fcrinnglo 
ZPS all three of the sides are given, viz. j PZ is tho complement 
of t;ho latitude <j t>, which is supposed to be known; PS is the com¬ 
plement of the declination S, which is found in the almanac, as is 
also the equation of time; while ZS or f, is tho complement of tho 
sun’s altitude, as measured by the sextant, and corroded for semi- 
diameter, refraction, and parallax. Tho formula is 



sin | P ■ 


( ; 


■in i K + (0-8)1 Bin 1 [£ - (* - 8)] V 

# COS <f> COS S / * 


Tn order to accuracy, it is desirable that the sun should be on the. 
prime vertical, or as near it as practicable. It should not he near tho 
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meridian. Any Blight error In Lho assumed latitude produces no 
sensible effect upon the, result, if the sun is exactly castor west at 
tho time the observation is taken. The disndvantage of the method 
Is that any error of graduation of the sextant outers into tho result 
with Its full effect. 

In some oases a poison is so situated that it is noeoasary to detonnino Ills 
time roughly, without instruments; and this oan be done within about a 
half a nilnuto by establishing a noon-mark, which is nothing bub a line 
drawn oxaotly north and south, with a phiinb-Hno, or some vortical edge, like 
tho odgo of a door-framo or window-sash, at its sou thorn extremity, r rhe 
shadow will then always fall upon lho meridian lino at apparent noon. 

117. The Civil and the Astronomical Day.—Tho astronomical day 
begins at moan noon, Tho civil day begins at midnight, twelve hours 
earlier. Astronomical mean time Is reckoned round through the whole 
twenty-four hours, instead of being counted in two series of twelvo 
hours each, Tims, 10 a.m. of Wednesday, May 2, civil reckoning % in 
Tuesday, May 1, 22\ by astronomical reckoning, llogmnoia nood to 
bear this in mind hi using tho almanacs. 

LONGITUDE. 

118, Having now mothods of obtaining the true local tlmo, wo oan 
attaok tho problem of longitude,'which is perhaps the most Important 
of all tho economic problems of astronomy, Tho groat observatories 
at Greenwich and at Paris woro established simply for,the purposo 
of furnishing the observations which could bo made tho basis of tho 
noourato do tormina lion of longitude at sen, 

Tho longitude of a plaoo on tlio earth la the angle at the pole between 
the meridian of Greenwich and the meridian passing ■ through the ob * 
sermon place; or it is the are of tho equator intercepted between 
those meridians; or, wlint comes to tho same thing, since this nvo is 
measured by tho tlmo required for lho earth to turn sufficiently to 
bring tho second meridian into tho same position hold by tho first, it is 
simply the difference of their local times, — tho amount by which the noon 
at Greonwloli is earlier or later than at the observer’s place. It is now 
usually rcokonod in hours, minutes, and seoondB, Instead of degrees. 

Since it Is easy for the observer to find his own local lime by tho 
methods which have been given, the bifot of the problem is really 
.this : being at any place , to find the corresponding local time at Green¬ 
wich without going there. 
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The methods of finding tliu longitude! may be classed under three 
different heads: 

First, By means of signals simultaneously observable at the places 
between which the difference of longitude is to be found. 

Second, By making use of the moon as a clock-hand in the sky. 

Third, By purely mechanical means, such as cimmomctors and the 
telegraph. 

119. Under the first head we may make use of 

[A] A Lunar Eclipse. — When the moon enters the shadow of the 
earth, the phenomenon is seen at the same moment, no matter where 
the observer may be. By noting, therefore, his own local time at the 
moment, and afterwards comparing it with the time at which the phe¬ 
nomenon was observed at Greenwich, he will obtain his longitude 
from Greenwich. Unfortunately, the., edge of the earth's shadow'is 
so indistinct that the progress of events is very gradual, so that 
sharp observations are impossible. 

[11] Eclipses of ike satellites of Jupiter may bo used in the same 
way, with the advantage that they occur very frequently,— almost every 
night, in fact;, but the objection to them is the same as to the lunar 
eclipses, — thoy are not sudden. 

[C] The appearance and disappearance of meteors may be and lms 
been used to determine the difference of longitude between places 
not move than two or three hundred miles apart, and gives very accu¬ 
rate results. (Now superseded by the telegraph.) 

[D] Artificial signals, such as Hushes of powder and rockets, can 
be used between two stations not too far distant. Early in the cen¬ 
tury the difference of longitude between the Black Sea and the Atlan¬ 
tic was determined by means of a chain of signal stations on tin 
mountain tops ; so also, later, the difference of longitude between the 
eastern and western extremities of the northern boundary of Mexico. 
This method is now superseded by the telegraph. 

120. Second, the moon regarded as a clock. 

Since the moon revolves around the earth once a month, it is, of 
course, continually changing its plaoe among the stars; and as the 
laws of its motion are now well known, and as the.place which 
it will occupy is predicted for every hour of every Greenwich day 
three years in advance in the nautical almanao, it is possible to 
deduce the corresponding Greenwich time by any observation which 
will determine the place of the moon among the stars. The almanac 



place, however, is the [»lftau nt which the moon would ho soon by an 
observer at the centre of the earth , and consequently the neliml ob¬ 
servations iiro in most cases complicated with very disagreeable 
reductions for parallax before they can bo inado available. 

The simplest lunar method Is, 

[A] That of Moon Culminations. — Wo merely observe with a 
transit instrument the time when the moon’s bright limb Grosses tlio 
meridian of the place; and immediately after the moon wo observe 
one or more stars with the same instrument, to give ub the error 
of our clock. As the moon Is observed on the meridian, its paral¬ 
lax docs not affect'its right ascension, ami accordingly, by a simple 
reference to the almanac, wo can ascertain the Greenwich time at 
which the moon had the particular right ascension determined by 
the observation. The method has been very extensively used, and 
would ho an admirable one wore it not for tho effects of personal 
equation. 

It seldom Imppons that the personal equation of an observer Is tho same 
for snob an object as tho limb of the moon ns it is for a star; and sinco llio 
moon’s motion among tho stars is very slow, tho effect of such n difference 
Is multiplied by about 30 (roughly the nuinbor of days in a month) in its 
olfect upon the longitndo deduoed. 

[B] Lnnar-UistanceR. — At sea it is, of course, Impossible to 
obsorvo thu moon with a transit instrument, but wo can observe its 
distance from the stars near its path by moans of ft soxtant. The 
distance observed will not bo tho Bamo that it would bo if the 
observer woro at tho centre of tho earth, but by a mathematical 
process called “ clearing a lunar " the distance as seen from the 
centro of the earth can bo easily deduced, and compared with the 
distance given in tho almanac, From this tho longitndo can bo 
determined. Any orror, however, in measuring a luimr-distanco 
on tails an error about thirty times as groat hi the resulting longitndo, 
and the method is at present very little used, the moon having boon 
superseded by the chronometer for such purposes. 

[C] Occullationn .—Occasionally, In its passage through the sky, 
tho moon over-runs a star, or “ occults” It. Tho star vanishes instan¬ 
taneously, and, of course, at tho moment of its disappearance the 
distanco from tho centre of tho moon to tho star is procisely equal 
to the apparent Bemi-dinmetor of Lho moon; we thus have a “ lunar- 
distanco " self-measured. 

Observations of this kind furnish one of tho most accurate methods 
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of determining the difference of longitude between widely separated 
places* the only difficulty arising from the fact that the edge of the 
moon is not smooth* but more or less mountainous* so that the dis¬ 
tance of a star from the moon’s centre is not always the same ut 
the moment of its disappearance. 

[D] 7a the same way a solar eclipse may be employed by observing 
the moment when the moon's limb touches that of the sun* 

It will bo noticed that these two last methods (the methods of occultation 
ancl solar eclipse) do not belong in the sumo class with the method of lunar 
eclipse, because the phenomena are not seen at the same instant at different 
places, but the calculation of longitude depends upon the detennination of 
the moo ids place in the *>ky at the given time, as seen from the earth’s 
centre. 

There are still other mothods, depending upon measurements of 
the moon’s position by observations of its altitude or azimuth. In 
all such cases* however, every error of observation entails a vastly 
greater error in the final results. Lunar methods (excepting oeeul- 
tntions) are only used when bettor ones are unavailable, 

121. Finally we have what may be called the mechanical methods 
of determining the longitude, 

[A] By the chronometer; which is simply an accurate watoh that 
lias been set to indicate Greenwich time before tho ship leaves port. 
In order to Find the longitude by the chronometer* tho sailor has to 
determine its ‘‘error** upon local time by an observation of the alti¬ 
tude of the suu when near the prime vertical, as indicated on page 78. 
If the chronometer indicates true Greenwich time, the error deduced 
from the observation will be the longitude . Usually, however, the indi¬ 
cation of tho chronometer face requires correction for tho rate and 
run of the chronometer since leaving port. 

Chronometers are only imperfect instruments, and it is important, there* 
fore, that several of them should be used to check each other. It requires 
three at least, because if only two chronometers are carried and they disagree* 
dicre is nothing to indicate which one is the delinquent, 

On very long voyages the errors of chronometers are cumulative, and tho 
uncertainty accumulates, not merely in proportion to the time, bub more 
nearly in proportion to the square of the time ; £<?., if the error to be feared in 
tho use of a chronometer in longitude determinations at the end of a 
week is about two seconds of time, at the end of the month it would bo, not 
eight seconds, but about thirty-two seconds. 

If, therefore, a ship is to be at sea, without making port, more than three 
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or four months at a time, the method become untrustworthy, and it may bo 
necessary to roour to lunar distances ; for voyages of less fclmn a month tins 
method is now, practically, all that could bo desired. 

[BJ lint tlio method which, whoreyor it Is applicable, lias super¬ 
seded all others, is tlmt of The Telegraph* When wo wish to find tho 
longitude between two stations connected by telegraph, the process 
is usually as follows: The observers at both stations, after ascer¬ 
taining that they both have clear weather, proceed to determine their 
own local timo by exfconsiyo series of star observations with the 
transit Instrument. Then, at an agreed-upon time, tho observer at 
Station A “switches hie clock ” into tho telegraph to circuit, so that 
its beats are communicated along tho lino and received upon tho chron¬ 
ograph of the other, say tlio western station. After tho eastern clock 
has thus sent its signals, say for two minutes, it Is switched out of 
the circuit, and the western observer now switohos his clock into the 
olrouiti and its beats aro received upon tho eastern chronograph. Tlio 
opomtlon Is closed by another scries of star observations. 

We have now upon each chronograph shoot an accurate comparison 
of tho two clooks, allowing the amount by which tho western clock is 
alow of tho eastern, If tho transmission of eleotrio signals wore 
instantaneous, tho difference shown upon tlio two chronograph sheets 
would agroo precisely. Practically, however, there will always bo a 
small discrepancy amounting to twice tho time occupied in tho trans¬ 
mission of tlio signals; but tho moan of the two differences will bo 
tho true difference of longitude of the places after the proper correc¬ 
tions have been applied. IS special care must be takm to determine 
with accuracy y or to eliminate, the personal equations of tiw observers. 

It is customary to make observations of this kind on not less than five 
or six evenings in oases where it is necessary to determine the difference of 
longitude with the highest accnraoy. The astronomical difference of longi¬ 
tude between two places can thus bo telegraphically determined within about 
the one-hiindredth part of a second of timo; t.e., within about ten foot or so, 
in tho (atitudo of the United States. 

It may be noted here that the time occupied by tho transmission of elec- 
fcria signals in longitude operations is not to be taken as the real measure of 
“ the-velocity of the electric fluid‘'upon tho wires, as was once supposed. 
The time apparently consumed in the transmission is simply the timo re¬ 
quired for tho current nt the receiving station (which ourrent probably 
begins at tho very instant the key is touched at.the other mid of tho line) to 
become strong enough to do its work in making the signal; and this time 
depends upon a multitude of oirou in stances. 
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122. Local and Standard Time.—In connection with Limn uiM 
longitude determinations, a few words on this subject will bo in piano. I n 
til recently it lias always been oustomary to use only local time, each observe 
determining* his own time by his own observations. Before the days of tin' 
telegraph, and while travel was comparatively slow and infrequent, this wn«* 
host; but the telegraph and railway have made such changes that, for many 
reasons, it is better to give up the old system of local times in favor of a 
system of standard time. It facilitates all railway and telegraphin btn.i- 
ness in a remarkable degree, and makes it practically easy for every nun r. 
keep accurate time, since it can bo daily wired from some obsorvalory h» 
every telegraph office. 

According to the system that is now established in this country, them no* 
five such standard times in mso, — the colonial, the eastern, the central, lh*< 
mountain, and tho Pacific, —which differ from Greenwich time by ox nelly 
four, five, six, seven, and eight hours respectively, the minutes and seconds hr in a 
identical everywhere* At most places only one of these times is employed ; 
but in cities where different systems join each other, there are two slaiulmd 
times in use, differing from each other by exactly one hour, and from the 
local time by about half an hour. In some such places the local time iiIm* 
maintain a its place. 

In order to determine the standard time by observation, it is only mv- 
essary to determine the local time by one of the methods given, and uonrrl 
it according to the observer's longitude from Greenwich, 

123. Where the Day Begins. — If we imagine a traveller slaiiini; 
from Greenwich on Monday noon, and journeying westward as swiftly iih I In* 
cnHh turns to the east under his feet, lie would, of course, keep the sun exactly 
on the meridian all day long, and have continual noon, But what noon i 
ft was Monday when he started, and when he gets back to London, twenty- 
four hours later, it is Tuesday noon there, and there has been no intervening 
sunset. Wheu does Monday noon become Tuesday noon? Tlio conven¬ 
tion is that the change of date occurs at the 1BO/A ineridian from Greenwich. 
Ships crossing this line from the east skip one day in so doing. If it Iu 
Monday forenoon when the ship reaches the line, it becomes Tuesday fore¬ 
noon the moment it passes it, the intervening twenty-four hours lining 
dropped from the reckoning on the log-book. Vice vena^ when a vussnl 
crosses the line from ilia western side , it counts the same day twice, jamming 
from Tuesday forenoon back to Monday, and having to do its Tuesday over 
a£nin, 

This 18flth meridian passes mainly over the oc-ean, hardly .touching land 
anywhere. There is a little irregularity in the date upon the dilliinmt 
islands near this line, Those which received their earliest European inhabi¬ 
tants via the Cape of Good Hope have, for the most part, the Asiatic dub', 
belonging to the west side of the 180th meridian; while those that wore up* 
• prone bed via Capa Horn have the American date, 
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Wlion Alaska was I.ransferred from ltuRsin to ilia United Stains, It was 
necessary to drop ono duy of tlio week from tlio ollloiftl clntow. 

THE PLACE OF A SHIP AT SKA, 

124. Tlio determination of tho place of n ship nt sen is cummer- 
einlly of such importance that, at the risk of n littlo repetition, wo 
collect together hero the different methods available for Its determi¬ 
nation. The methods employed nro ncccssariLy such that observa¬ 
tions can be made with the sextant and chronometer, the only 
instruments available under the circumstances. 

The Latitude Is usually obtained by observations of tlio buii'h 
nltltudo at noou, according to tho method explained ill Art. JOB, 

The Longitude is usually found by determining tho error upon local 
time of tho chronometer, which carries Greenwich timo, Tlio neo- 
casnry observations of the sun’s altitude should be made when the 
aun Is near the prime vertical, as explained in Art. 11G• 

In tho case of long voyages, or when tlio chronometer has for any 
reason failed, tho longitudo may also bo obtained by measuring a 
lunar-distance and comparing It with the data of the nautical ftlnmnno. 

By these methods separate observations are nuoesHtiry for tlio lati¬ 
tude and for tho longitude. 

126. Sumner’s Method.— Recently a now method, first proposed 
by Captain Sumner, of Boston, In 1843,1ms boon coming largely Into 
use. In this method, each observation of tlio sun’s altitude, with the 
corresponding chronometer time, is made to doflno tho position of tho 
ship upon a certain line, called the circle of position, Two such ob¬ 
servations will, of course, determine tlio exact place of tlio vcssol at 
one of the intersections of the two circles, 

At any moment the eim is vertically ovor somo point upon tho 
earth’s surface, which maybe called the &ub-s($ctr point. An observer 
there’would have tho sun directly overhead. Moreover, if at auv 
point on the earth an observer measures tho altitude of tlio Him with 
his sextant, the zenith distance of the sun (which is the complement 
of this altitude) will be his distance from the sub-solar }>ohd at the 
moment of observation, reckoned in degrees of a great circle. 

If, then, I lako a terrestrial globe, and, opening tho dividers bo as 
to coyer an arc equal to this observed zenith distance of tlio sun, 
put one foot of tho dividers upon tlio sub-solar point, mid swoop n 
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circle on the surface of the globe around that point} tho cjlmijrvrr 
must be somewhere on the circumference of that circle ; and moreover, 
if to the observer the sun is in the southwest ho hiinmdf mtrnt ho in 
the opposite direction from this.sub-solar point; iau , northeast of it. 
In other words, the azimuth of the sun at fcfie time of obHomilion 
informs him upon what part of the circle ho is situated. 

Suppose a similar observation made at the same place a fenv bourn 
later. The sub-solar point, and the zenith distance of Chu hum, will 
have changed; and we shall obtain a now oirolo of position, with its 
centre at the new sub-solar point. The obscrvor must bo at um) of 
its two intersections with the first circle—-which of tho two inter¬ 
sections is easily determined from tho roughly observed azimuth of 
the sun. 

If the ship moves between the two observations, tho proper allow¬ 
ance must be made for the motion, This is easily done by shift¬ 
ing upon the chart that part of tho first circlo of position whom tho 
ship was situated, carrying the lino forward parallel to itself, by mi 
amount just equal to the ship’s run between tho two obHorvnliotiN, 
as shown by the log. The intersection with tho second oErelo then 
gives the ship’s place at the time of the second observation* 

The only problem remaining is to find tho position of Um M mib-nulur 
point” at any given moment. Now, tho latitude of this point in ob¬ 
viously the declination of the sun (which is found in tho alumnae), 
If the sun’s declination is zero, tho sun is vertically over Homo point 
upon the equator. If its declination is + 20°, it is vertically over 
some point on the twentieth parallel of north latitude, etc. 

In the next place, its longitude is equal to tho Greenwich rtpptivnif 
solar time at the moment of observation; and this is given by the 
chronometer (which keeps Greenwich mean solar timo), by simply add¬ 
ing or subtracting the equation of timo; so that, by looking In his 
almanac and at his chronometer, tho observer bus tho position of the 
sub-solar point immediately given him, (See note, page 00.) 


Suppose, for example, that on May 20 (the sun’s declination being .|. 20”), 
" G ; een '; ic ( l ! a W arent timo («'■«•, May II), 2))i- by agronomical ,vok- 

chronometer, tho sun is observed to have mi nil Undo 

(Pk 42Utl w“t- 6 u°’ Y^ anti ° ; Tho Bub-solar point will then be 
t«df'of“l6° r?- ln tl Af ™ a havil ' s a hitihulo of +20°, and an mist long!- 

• 7 thf jfr m the flgUre ' Alld tho mli,,s ° r tho « circle of lumitmn," 
th * distance from A to C — will bo 50“ J 

.luSruhSbtm ”"?;!’ r; "r 'r™ U'» 

ound to be 65 The aub-solnr point will tlion bo nt B, lutilmUi 
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20°, longitude 80° W., and Lhu riulius of tho olrclo of position BC will bo 
25°,, C being tho ship’s plac<i- 

Of course ib would bo impracticable to carry on a vessel a terrestrial 
globo large onough for bite accuruto working out of fclio graphical operation 
indicated, bub tables aro provided, i>y wliioh tbo necessary portions of tho 
position circles can be easily drawn upon the ordinary charts, 


N 



128, The peculiar advantage of the method is, that a single obser¬ 
vation is used for all it is worth, giving accurately tho position of a lino 
upon which the ship is somewhere situated, and ajproximaldy (by tho 
rough observation of the sun’s azimuth) tbo part of that lino upon 
which its place will bo found. In approaching tho American coast, 
for instance, if an observation bo taken in tho forenoon wlion the 
subpolar point is over the continent of Africa, the ship’s position 
•circle will lie nearly parallel to the const, and thou a Biuglo observe^ 
tion will give approximately the distance of the ship from land, which 
may bo all the sailor wishes to know. The observations need npt bo 
taken at any particular time. Wo arc not limited to observations at 
noon, or to the timo when the sun is on tbo prime vortical. It is to 
bo noted, however, that everything dope nth upon ike chronoineleVy as 
much as in the ordinary olironomcfcric determination of longitude. 

127. Determination of Azimuth. — A problem, important, though 
not bo often encountered ns that of latitude and longitude dofcevmina- 
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turns, is Unit of determining the azimuth, or taw twarimj, of a line ujwn 
the earth’s surface . Tlie process is this: Willi u Uiooiioliltt Imvii-j* 
an accurately graduated horizontal circle the observer points alter¬ 
nately upon the pole star mid upon a dis¬ 
tant signal erected for (he purpose; ||n> 
signal being an nrfilleinl star consisllng of 
a small hole in a plate of melnl, with n 
bull’s-eye lantern or other light behind it. 
H is desirable that it should be »t lomd 
a inilo away from the observer, so thnl 

any small displacement of the ... 

will bo ImnnlcHS. The lhcodolil.it most 
bo carefully adjusted for colli,nation, and 

-especial pains must be taken to hove (lie 

-— mlllllor Azimuiii, *' x is of the telescope perfectly level. 

„„ The next morning by davlisilit the ob. 

obi'ecL m< | aSlUeS thC aUS, ° or a "& les between the night-signal mid the 

objects whose azimuth is required. 

bc “:;;ri: star r ro e f° % at ti,e ^ ^ ^ 

is pi ed on r ( lnSS 0 tl,C ohMnvA wl «n «•« 

azimuth of the Lai"' Z\w T Mriwtt y . 

at which each observation of he'"! 7 t’° l'"""’ lK,WMV " r « 11,11 timn 
and tlie azimuth of tl , 1 f°. 10 8tl1r !h m,u1 ° W'Wfc bo noted, 

This can eas^y be do,^ Tn '* ** U “* »'»*. 

«« «giv,„ ;. 

^-■s^WEra s** <?► «> .... 

see that the side PS is the m „ m u ! , ( ' Ul "mrulmii, we at omcv 
PZ is the complement of the observer's Ir J 10 ‘^‘‘dlnnl.ioi. j I he sbie 
and the angle at P i s the , latitiuh, (which must lie known)- 

star and the sidereal time of the clsTS,, Sh t " f U,, ‘ ^ 

the meridian at tlie time, and (a -/) in’’ ^-T' 0 lf 1,10 Mlm ''« west, of 

polofio,,. W. u,,,, hm .Hi* ..... 

•ripas “nrirr.? ——<» 

"•11 hardly produce any e fW ^ 111,10 of tlio observation 

caught between five and six hoar, before «iS' T 0 ^ if tlw Ktlll ‘ '«• 

Wo,o or aft,,, its upper oulminalion, ut 
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a timo when It changes its azimuth very slowly (noa.* S’ or S" in tlio figure). 
Tho sun, or any other hoavonly body whoso position is glvon in tho almanac, 
can also bo used as a roforonoo point in the same way, providod siilfloiont 
pains is taken t-o soouro an accurate observation of tho timo at tlio instant 
when tho pointing is made. Tho altitude should not exceed thirty degrees 
or ho. But the results aro usually rougli compared with those obtained by 
moans of tho pole star. 

DETERMINATION OP THE POSITION OP A HEAVENLY BODY. 

128. Tho position of a heavenly body is defined by its right 
ascension and declination. These quantities may bo determined — 

(1) By the meridian circle, provided the body is bright enough to 
bo seen by the Instrument and comes to the meridian in tho night¬ 
time. If the instrument Is in oxact adjustment, the sidereal time 
when the object crosses the middle wire of the reticle of the instrument (s 
directly (according to Art. 27) the right ascension of ike object. 

Tho reading of tho circle of the instrument, corrected for refraction 
ami parallax if necessary, gives tlio polar distance of the object, if 
tlm polar point of the circle has been do tor ini nod (Art. (10) ; or it given 
the xenith distance of the object If Lhc nadir point 1ms been deter¬ 
mined (Art. G7). In’oiLhor ease the declination cun be■ immediately 
deduced, being the complement of tlio polar distance, and equal to 
tho latitude of tho observer, minus the distance of tho star south of 
tho zonith. One complete observation, then, with tho meridian circle, 
determines both tlio right ascension and declination of tho objeot, 

If a body (a eomft, for Instance) is too faint to bo observed by 
tho telescope of tho meridian circle, which is seldom very powerful, 
or if it does not come to the meridian during the night, wo usually 
accomplish our object — 

129. (2) By the Equatorial, determining tho position of tho body 
by measuring the difference of right ascension and declination be¬ 
tween it and somo neighboring star, whoso place is given In a star 
cataioguo, and of courso has boon determined by the moridian olroio 
of some observatory. 

In measuring this difitorenoo of right nnoonslon and declination, wo usually 
employ a Alar micromotor fitted like tlio roticlo of a moridian olroio* It car* 
rios a number of wires which lie north and south in tho field of view, and 
those are orossod at right angles by ono or mom wires whloh can bo moved 
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by the miciometor sciew The (hflavnio of tufftttt'H* nsitm hctwiM'ii llm uf u 
and the object to bo doteimmod ih mcuhuhmI by minply obwnvmg ujflli llm 
chionogiAph the transits of tlio two objects nmoss tin* 1101 III mad »*nnlU 
wue&, the difteicnce oj declinatum> by Insoc ling oiu 1i objoH with outt nt !b> 
nuciometei wnes as it ciosses tlio middle ol (bo Hold ol wow 'I h»< <*b 
seived diffoionco must bo conceit'd ioi loliudimi mid foi llm iiiritimt i»i 
tlio body, if it is nppieciable 

Othei less complicated mioiometuia mo also in nso, Oim of Ihoin, <m 1!< >t 
the ting miaomelet t consists moiely of an opaquu i in^ nuppoilod m 1 Iim ih M 
of view eitliei by being coinontod to a glass plain m by nhmdor mint «»f 
metal. The obsemtions aio niado by noting llm I muni Is of (bo (omp n i i.n 
stai and of the object to be delmmhml amm Ibo oulri and Imioi nip * nf 
the ling. If the ladius of tlio ling 3 h known in tooihIh of nu\ wo i tu 
fiom these obseivations deduco tho (blfmmicos both of light nsn<nidnn nmt 
decimation The lcsults aio loss acomato tlmn llmsn gi\mi by tlio wh«- 
nnciometei, but tho ling imoiomotoi lias tlio advantage Mutt It «mil lm nsi d 
with any telescope, whether oquatoually numnlod 01 not, mid mi 

adjustment 

Theie aio also many othei methods of oflooting (ho wmm objuoj 


130 To Compute the Time of Sunmo or Sunaot, — To s..h n (his ,.i..1. 
lam, it is only nocessaiy towoik out llio 55 L\S limngln and (liul llm li.nn 
P, having given pieoisely tho same data us in hading I lm limn In it singt. 
altitude ot tho ami (Ail 110). PX w tlm oWivm's on let Unite*, /'.S u ii>. 
complement of the aim’s deolmalwn (given hy U 10 nlnmmm), uu.l llm tin., 
distance fiom the zenith to tho centm ol (lm huh at ilin nmuimit whim it ► 
uppoi edge is at tho houvon is 00° 00', which in made up nf III) 0 , j |t|* 
mean semi diameter of the sun), plus 31' (tho moan icfituitlmi at llm Inn 
The lesultmg horn miglo P, coireolorl foi tho equation of tiinn,given llm nmuu 
time (local) at which tho sun’s upper hmli ImmlicH llm hmi/on, un.l. i llm 
avoiage cncumslanccs of tompoialuio mid liaiomolrto pmsmiin. If U K vm i 
lv ’I! i ° ^ ai o'letoi standing high, sum iso will lm umvleinl. , 1 , (ll 
ietaided,liyft oonsuloiaide fiaction of a mimito. If llm mm slsc w Mi 

2l« V "’» °>° " “ l ll»V ... 

.. . . . .. "■ - 

J-w “»'»-vw ...—, 

r . . ■ 
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CHAPTER V. 

THE EARTH AS AN ASTHUNOMIGAL HODY* 
Apphoximath Dimensions — Phoofs of its Rotation — Accjuhatk 

DeTEUMINATION OK ITS FoJIM AND SlZK IIV GeODKTIO OrKItATIONH 

and Pendulum OitsEnvA-noNS—A stronomical, (ikodktio and (ied- 

centric Latitude — Deter mi nation ok the ISaktiPb Mabb and 

Density. 

132, Haying dlBoussed the methods of making aBtronomloal ob¬ 
servations, wo are now propnrecl to eonsidor tho oarth In Us astro- 
nomioal relations; i.e., thosa facta rolutliig to tlio earth which mo 
ascertained by astronomical methods, and arc similar to tho facts 
whioh we shall have to consider In tlio cnao of tho other planets. 
The faots arc broadly these : — 

1. The earth is a great ball } about 7918 miles in diameter * 

2. It rotates on its cwts once in twenty-four sidereal hours, 

8. It is flattened at the poles , the polar diameter being nearly 
twenty-seven miles , or one two hundred and ninety-fifth paH lens than 
the equatorial. 

4. It has a mean density of about five and sm-lenths times that of 
water^ and a mass represented in Ions by sin with twenty-one ciphers 
after it (or six sextiUlbns of tons, according to the French numeration ), 

6. It i8 flying through space in its orbital motion aroimd the sun , 
with a velocity of about nineteen miles a second; i.o,, about seventy- 
five times as swiftly as any cannon-ball. 

I, 

133. Tho Barth’s Approximate Form and Size. —It la not noccMamry 
to dwell upon the ordinary proofs of its globulnrity. We merely men¬ 
tion them. 1. It can be oirourmiavigntod. 2. Tho appearance of 
vessels coming In from sea Indicates tlmt tlio surface is uvorywlioro 
couvex. 3. The faot that the son-horizon, na soon from an emi¬ 
nence, la everywhere depressed to tlio same extant below the lovol 
line, shows that the surface is approximately sphorlcnl. i, Tlio fact 
that as one goes from tho equntor toward tlio north, the elevation of 
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the pole Increases proportionally to tlio disUmuo I ruin the , 

proves the same thing. 5. T/uJ **AcmZ< nc oj Ihti t'tiv(h , as srrtt trjtou 
the moon cU the time of a luutiY eclipse, is [hut ivhtvJi aultf <t np/tv.iu 
could cast . 

Vfe may add as to the smoothness and glohulavil-y of Uui rtwlli* 
that if the earth be represented by an 18-incli gluing the rtUluiviuru 
between tl\e polar aud equatorial diameter would only be about* tow.- 
sixteenth of an inch, the highest mountains upon the oiullus Htirfnru 
would be represented by about ono-oightieth ol' an iiuib, and ibo nvvi- 
age elevation of the continents would be hardly greator than that of 
a film of varnish. The earth is really relatively Hinoollioi* uutl 
rounder than most of the balls in a bowling-alloy, 
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134. An approximate measure of the diameter is easily olitaint'd. I’hmd, 

upon u level plain three 

-A-————- * voda hi linn, aniilu npiiil, 

aiul cuit o|V iJicir fops at 
the muum level, mmd ully 
iletennined with a mil- 
- vuyor’a level)trig iiislm- 
nmnt, TL will Mini be 
found tlmt the line- .1 < \ 
Kig. l b joining 1lm ex¬ 
tremities of the two terminal rods, passes about eight imihtm below I hr 
top of the middle rod. 

Suppose the circle ABC completed, and that ia the point on the rip 
cuinfetence opposite B y so that BE equals the dhunntur of Uni earth ( 11 Ilf 

By geometry, BD : BA = BA : BE, 
whence or /f-iti? 

BD* SlM 

Now BA is one mile, and ]W=j 0 t a tool, or 7E1 '.,, ( of a mile. 

Huice 2 R or 7020 miles: a very fair upproxiimilimi. 

7020 

On account of refraction, however, tho result cannot bo jmnlo exart )»v 

r* tl r-, T| “ A °' “« 

enues slightly towards the earth, and differently as tire weather dmngeM. 

JfL T f ebeatmetIl0d °f ascertaining the slxo of tho card,--In 

ntder to 7 rf 7 Va,UC ” iS by meflSlu ‘ in B area of tin, meridian 

frol wh ch we , 7 W 7 er ° f mUea fn ono 

Thlch we immecl.ately got the circumference of the cart I,. 
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Thif* measure involve** two distinct operations. One—the measure 
of the number of miles — Is purely geodetic; the other— tho deter¬ 
mination of tho number of dogroes, mimitoa, and seconds between 
the two stations — is purely astronomical* 

Wo have to find b y astronomical observation the angle between two 
radii drawn from tlio centre of Lho earth to the two stations (regarding 
tho earth as spherical) j or, wlmt Is tho same tiling, the angular dis¬ 
tance m the ski/ between their respective.zeniths, Tho two stations being 
on tho same moridi(in, all that is necessary Is to measure thoir Utlilnde# 
by any of tho mothods which have boon given In Chapter IV. mid tuko 
the difforeneo. This will be tho anglo wanted. If, for instance, tho 
distance hotweon the two stations was found by measurement to bo 
120 miles, and tlm difference of latitude was found by astronomical 
observations fco bo 1° AA\ 2, wo should got HD.27 milas for one degree. 
Three hundred nnd sixty times this would be tho circumference of 
the earth, a little less than 25,000 miles, and tho diameter would bo 
found by dividing this by tt, which would givo 71)20 miloa. 

130. Eratosthenes of Alexandria sen ms to Imvn understood tlm niftLtnr 
as early as 250 i*.o. Ills two stations were Alexandria and Synno In Upper 
Egypt. At rtyono lie observed that at noon of the longest day in summer 
thoro was no shadow at the bottom of a well, the sun lining Mum vertically 
overhead. On tho other hand, tlio gnomon at Alexandria, on tlio Hamn day, 
by tlio length of tlio shadow, gave 1dm z l 6 of a circumference, or 7° 12' as the 
distanco of Urn sun from the zimilli at Unit place, which, therefore, Ir the 
difference of latitude Ixdwcon Alexandria and Synno, 

The weak place in Ills work was in tlio nnmsiirotnont of tlio dltdftiicn be¬ 
tween tlio two plncofi. IIo states it ns 5000 stadia, thns making tho clromn- 
foronco of tho ourtli 250,000 stadia; but wo do not know the length of his 
stadium, nor docs ho give any account of the means by wldoli 1m nmnsUmd 
tho distanco, if ho measured it at all. Thoro scorn to have boon as many 
different stadia among the annlont nations nfl thoro woro kinds of ^fuot w In 
Europe at the beginning of Lids century. 

Tim.first really valuable measure of tho are of a meridian wan that made 
by rienrd in Northern Franco in 1071 — LhonuuiHiiro whlab served Newton so 
well in ids vorillciitinn of Lho idea of gravitation. 

II. 

* 137. The Hotation of tho Earth. — At (lie time of Copernicus tho 
only argument In favor of tlm carLli’s rotation 1 was Unit the hypolh- 

1 The word rotate dcnoles a spinning motion like ilint of u wheel on lianxlg. 
The word revolve 1b more general in it* application, nnd limy be applied el liter to 





94 


THE EARTH AS AH ASTRONOMIC )Ah H(M)Y. 


csis was more 2 >robcib 1 e than that Hie lioavonn thomsutvos ruvolvtui. 
All phenomena then known would ho sensibly tlio Htuno on oitlim 
supposition. A little later, analogy could bo adduced, for when i!»«• 
telescope was invented, we could see tlmt the sun, moon, uiul Hovora! 
of the planets are rotating globes, 

At present we are able to adduce experimental proofs which absii- 
lately demonstrate the earth's rotation, and some of them even mitku 
it .visible. 



138, 1, The Eastward Deviation of Bodies falling from a Great 

Ileifjht. — The idea that such a deviation ought to occur wuh Drat 
suggested by Newton. Evidently, since the top of a tower, situated 
anywhere but at the polo of the oar Mi, describe** every 
day a larger circle than its base, it must move fattier. 
A body which is dropped from the top, retaining it h ex¬ 
cess of eastward motion as it descends, must therefore 
strike to the east of the point which is vertically under 
its starting-point, provided it is not doflooted in It n fall 
by the resistance of the air or by air-currents. Fig. 4f> 
illustrates the principle. A body starting from A } (Iiu 
to[) of the tower, reaches the earth at D (III) be¬ 
ing equal very approximately to A A 1 ), while during 
its fall the bottom of the tower lias only moved from 
B t0 B *' The experiments are delicate, since Clio dovl- 
“S a « ou !s v f*y small > ail <> ^ is not easy to avoid tfio 
itod>% effect of air-ouiTonts. It is also extremely iliOlonlfc to 

get balls so perfectly spherical tlmt they will not alioor 
olt to one side or the other in falling, 

Tlie best experiments of this kind so far have been those of Umiz.mborir 
performed at Hamburg in 1802, and those of Reich, performed t 

obLvedt,;?? ; ?! “r maa " of 100 *» extern <Wi„Li„ n 

also gave a' 1 *°®* T, ‘° ° X ‘ W ' 


FlO, 4;>, 


to describe Hie motio'nHof^rbwly m-onndanot?° m ° r ° " 8 ' lftl US0 ln n8tro 'M*inyl 
the sum. y aiountl ftnotl,ei V ns that of the earth around 
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Tho formula given by Worms in his trentiso on “Tim Earth and its 
Mechanism,” to 

frA)cosft 

wlmro a? is tlio deviation, f to tho number of seconds ooonptod in falling, T 
the niimbor of seconds in ft fikloroal day, JI tho Jioiglit fallon through, and 
A tlio difference between II and tlio lioight through which a body would fall 
in t second ,h if thoro wore no rofltofcanco (so that A= ] <ftII). Finally, $ is 
tlio latitude of tlio plnco of observation. In latitude 45° a fall of 570 feet 
Hlioiild give, nogleoting tlio resistance of tlio air, ft deviation of 1.47 inohcR. 
Tho resistance would increase it a little. 

It will be noted that at (ha pole, where tho cofllno of tho latitude equals 
zoro, tho experiment fails . Tho largest deviation is obtained at the equator. 

139. 2. Foucault's Pendulum Experiment, —In 1851 Foucault, 

tliat most ingenious of French 
physicists, devised and first oxo- 
(intcd jin experiment which actually 
shows tho earth's rotation to tho 
oyo. From tho dome of the Pmi- 
thoon in Paris ho suspended a heavy 
iron ball about a foot in diameter 
by a wive more than 200 feet long 
(Fig. 46). A circular rail some 
twoivo foot across, with a llttlo 
ridge of sand built upon it, was 
placed under tho pendulum in such 
a way that a pin attached to tlio 
swinging ball would jueb sorapo 
tho sand and leave a mark at each 
vibration. Tho ball was drawn 
aside by a cotton cord and allowed 
to conio absolutely to rest; tlion 
tho cord was burned, and tho pen¬ 
dulum SOt to swinging iu a true tfia. dfl, — PouoanWa Pondnlum Kxporhneiit 
piano; but tills piano soomod to 

deviate slowly towards the right) cutting tho sand In a now place at 
each Bwlng and shifting at a rate which would carry It completely 
around in about thirty-two hours if the pondnlum did not first come 
to rbst. In fact, tho floor of tho Panthoon was seen turning under 
tlio piano of the pendulum's vibration. The experiment oreatod 
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great enthusiasm at the time, and has since been very frequently 
performed, and ahvays with substantial!}’ the same results. 

140, The approximate theory of the experiment is very simple. 
Such a pendulum-, consisting of a round ball hung by a round wire or 

- else suspended on a pointy so as to be equally free to swine/ in any plane 
(unlike the common clock pendulum in this freedom), being set up 
at tlie pole of the earth, would appear to shift around in twenty-four 
hours, Really, the plane of vibration remains invariable and the 
earth turns under it, the plane of vibration in this ease being un- 
affected by the motion of the earth. This can be easily shown 
hy setting lip a similar apparatus, consisting of a ball hung by it 
thread, upon a table, and then turning the table around with as little 
jar ns possible, The plane of the swing will remain unchanged hy 
tlio motion of the table. 

It is easy to see, further, that at the equator there would be no such 
tendency to shift. In any other latitude the effect will be intermedi¬ 
ate, and the time required for the pendulum to complete the revolu¬ 
tion of its plane will be twenty-four hours 
divided by the sine of the latitude . The north¬ 
ern edge of the floor of a room (in the northern 
hemisphere) is nearer the axis of the earth 
than its southern edge, and therefore is car¬ 
ried more slowly eastward by the earth's rota¬ 
tion. Hence it must shew around continually, 
like a postage stamp gummed upon a whirling 
globe anywhere except at the globe’s equator, 
The southern extremity of every north and 
south line on the floor continually works to¬ 
ward, the east faster than the northern ox- 

. . treinity, causing the line itself to shift its dime- 

ExplatmiEon of tlie ToiicauH 

PenciHinm Experimtni. u f> n accordingly, compared with the direction 

it had a few minutes before, A free pernht 
him, set at first to swing along such a line, must therefore apparently 
deviate continually at the same rate in the opposite direction. In 
the northern hemisphere its plane moves dextrorsum; tf.e., with the 
hands of a watch : in the southern , its motion is sinislrorsum, 

141. Suppose a parallel of latitude drawn through the place in question, 
and a series of tangent linos drawn toward the - north at points an inch or so 
apart on this parallel. All these tangents would meet at some point, F» Fig. 
47, 'which is on the earth’s axis produced ; and taken together those tangents 
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would form a eono with ifca point at V> Now if wo fiuppo.no this cone cut 
' down upon ono sido and opened up (technically, “ developed ”), ft would give 
us a sector of a oirole, ns In Fig. dB, and the angle of thn sector would he tlu; 
mini total of the angles between all tho adjacent 
meridians tangent to tho earth on tlmfc pnmllol. 

Now it is onsy to prove tlmfc tho angle of this sec¬ 
tor equals 8 flO°Xfiin<p(£ being'- tho latitude). 

(1) The oirouinference of the parallel AB (Fig. 

47) = 2irX72eos^, since 7f xcoh <p = AD t whioli is 
the radius of the parallel, R being AC t tho radius 
of tho globe, and tho nnglo A CD equal to 00°— c p. 

( 2 ) Tho Ride A V of the enno (whioli will bo tho 
radius of tiio sector when the cone is developed) 

= 7fcofc0; so that the oircuinforencQ of the oirolo 
Which has VA for iLsimdillS would 1)0 2tt X R COt <f>. Fm. *18, — Developed Cone. 

Hence (A BA 1 being tho oiroumforonco of tho 
parallel forming tho edge of tho developed fleotor ABA'V In Fig. 48), the 
angle of the sector AVA r (groatnr than 180° in tho ilguru) : A 00 °=<m; 
ABA 1 : wliolo oircuiuforonco ABA *m ; or anglo V: 300° = R cos $ : R cot ; 

whenoo V- 300° JMH)* nln <p. 

QOt<p 

V Is tho total anglo described by tho piano of the pendulum in. a day. 

At tho polo tho cono produced by fcliu tangent linos Itucnnica a little 
“button,” a complete oirolo. At tho equator It hoconmn a cylinder, and the 
angle Is zero. 

I 11 order to inoko tho experiment successfully, many proonuliona must bo 
taken. It is speolully Important that tho pondlilmn should vibrate in a true 
plane, without any lateral motion. To secure this end, it must bo carefully 
guarded against all jarring motion and air-ourrouts. To diminish the effect 
of all such disturbances, which will always occur to a certain extent, the 
pendulum should ho very hoavy and very long, and of course tho suspended 
ball must bo truly round and smooth. Ordinnvy dock-work cannot be used 
to keep the pendulum in vibration, since it iiiusb bo free to flwltkg in every 
piano, Usually, tho apparatus onco started is loft to itself until the vibrn- 
tions cease of tliolv own accord 5 bub Foucault contrived a moat ingenious 
electrical apparatus, which wo have not space to doscrihc, by means of which 
the vibration could bo kept lip for days at a tiino without producing any 
hurtful disturbance whatever. 

It will bo noticed that this experiment is most offoativo precisely where 
the experiment of falling Irodioa fails. This is I« 3 st near the pole, the other 
at the oquator. 

142. 3. By the Gyroscope, an experiment nlso duo to Foucault, 
and proposed and executed soon after Urn pendulum experiment. 
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The instrument shown in Fig. 13 eon&iate of a wheel Ho mounted in 
gimbals. that it is free to turn in every direction* ami no ilnlUuiloty 
balanced that it will stay in any position if undisturbed. If Urn 
wheel he set to rotating rapidly* it will maintain the direction of it a 
(am invariable , unless (feted upon by extraneous force. If, 4 them, 
we set the axis horizontal and arrange a niioroscopo to watch n 



mark upon ono of Mm gim¬ 
bals, it will appear slowly In 
shift its position as tho earlli 
revolves, in tho sumo wuy ns 
tho piano of tho pendulum 
behaves. 

143. 4. Thera are many oilier 
phenomena which depend upnn 
androidiy demonstrate tho uurllYn 
rotation. We merely inonjhm 
thorn: — 

o. The Deviation of Projectiles 
Tn the northern hemisphere a 
projectile always deviates towards 
the right | in tho southern bond* 
sphere toward tho loft. 

b. The Trade Winds* 

c. The Vorticose lit’volution rf 
the Wind in Cyclones, In tlm 
northern homkphrmj tho wind hi 


PUL 4l>,-KoncauJi’ fi Uyro« C ouo. v J l3MJuy mvYm Hpimiiy Imvm’llN 

tho centre of tho storm, whirling 
son Hi pvn fi.A Q^si.ni i. . . counter cloak-tOM) wJdla jn flm 

explained eiLrlm bv"he 2 t f ° f * M ‘ T »'« l» 

centre of l“fZ 0U * S ° V Uw 

to the right in the northern hemisuhem a, - 1 t ^ Ilkt> P'^JcoUIoh, 

hemisphere, so that they do not mw ’ u to ) var(ls f,ll ° loft In tlio Bonlllum 

<u m - in .*• co,,tra of 

tlm north wind, under ordinary • ^‘ j* at I8 > m ti,Q northern Jio]ni«ii]n>r«i 
northeast wind to a!, eUeS l tT T1' to a northorist, u 

in the opposite direction! it is said"to 6 ”" fc! ' 0Avi,ul 
hemisphere it of course usually liacl-s nvn i m ' OU,Kj ' /n tlifl aoutluim 

of the early Australian settlors, ' »><3, innclt to tho cliHConoarUmink 


It might seem at first that the rotation of 
twenty-four hours, is not a vary rapldmotlo 


earth, which ocetiphfti 
^ point ou the iujuu- 
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tor, however, has to move Hourly one thousand miles an hour, which 
is about fifteen hundred foot per second, and very noarly the speed 
of a cannon-ball, 

144. Invariability of the Earth's Kotation. —It is a question of 
great importances whether tho day changes its length. Theoretically it 
must almost necessarily do so. Tho fnotion of tho tides, and the 
deposits of meteoric matter upon tho earth both tend to lengthen it; 
whilo on tho other hand, tho earth's logs of heat by radiation and 
consequent shrinkage must tend to shorten it. Tlion geological 
changes, tho elevation and subsidence of continents, and the trans¬ 
portation of matter by rivers, aot, Homo one way, some the other. At 
prcBont it can only bo said that tho change, if any lma occurred Binoe 
astronomy bocamo nccurato, lias been too small to bo do tooted. The 
day Is certainly not longer or shorter by of a second tlmn In tho 
days of Ptolemy, and probably has not changed by °f second. 
The criterion is found in comparing tho times at which celestial 
phenomena, such as oolipses, transits of Mercury, etc., occur. 

III. 

145. The Earth's Form, more accurately stated, is that of a 
spheroid of revolution, having an equatorial radius of (1,077,1177 metres, 
and a polar radim of (1,1155,270 metres, according to Listing (1870); 
or of 0,878,200.4 and 0,850,588.8 respectively, according to Clarkel 
It must bo understood, also, that this statement is only a second 
approximation (tho first *belng that tho earth is a globe). Owing 
to mountains and valleys, etc., the oarth’s surfneo does not strictly 
correspond to that of any geometrical solid whatever. 

Tho flattening at tho polos Is tho necessary conBoquonco of tho 
earth's rotation, and might Jmvo been cited in tho procoding seotlon 
as proving it. 

14G. Thorn aro two ways of determining tho form of tho oarth: 
one, by measurement of distances upon its surface in connection with 
the latitudes and longitudes of the points of observation. This gives 
not only tho/om, but tho dimensions. The other method is by tho 
observation of tho varying force of gravity at various points, — obser¬ 
vations which aro mado by moans of a pendulum apparatus of some 
kind, and do tormina only the form, but nob the size of tho oarth. 


1 Tills Is Clarko’e Rpborold nf 1800, nml !s adopted by the Unltod Sin lea Conafc 
and Geocletfo Survoy. See Appendix for bla spheroid of 1878. 
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147. 1, Measurements of Arcs of Meridian in Different. Lniitmten. 
— To determine the size of the earth regarded ns n sphere, a nitty f•' 
arc of meridian in any latitude is aufllvtuiaL. Assuming, however, 
tlmt the earth is not a sphere, blit a spheroid with elliptical iiieritiiim *. 
we must measure at least too such arcs, one of which should he near 
the equator, the other near the pole. 

The astronomical work consists simply in finding with llui gronlotd 
possible accuracy the difference of latitude between the term inn I Mic¬ 
tions of the meridian arc. Tho geodetic work consists iti measuring 
their distance from each other in miles, feet, or me trim, and il, is thin 


part of the work which consumes the most time and labor. Tho 
process is generally that known as triangiduthm. 

Two stations are soleoted for tho extremities of a 
base line six or seven miles long, and llm ground 
between them is levelled ns if for a railroad. The 
distance between these stations (.-I and //in Kig. till) 
is then carefully measured by an apparatus especially 
designed for the purpose and with an error not to 

exceed half an inch or so in the whole ... A 

third station, 1, is then chosen, no situated that it will 
be visible from both A and JJ, and all the angle,-, <>f 
the triangle AH 1 are measured with great earn by a 
theodolite. A fourth station, 2, is then selected, mmh 
thatR will lie visible from A and .1 (and if possible 
from B also), and the angles or the triangle ,1 in „i„ 
measured in tho samo way. In this manner l lm whole 
ground between tho two terminal stations is covered 



Pm. 60,—A Trl tin ^illation. 


with a upfwnvir r,f f .■ V ; , 1 wo lonmmu Nations is c< 

made two of the triaafVf' 0 ' 1 ’ ** tW ° torminal stations themselves lieim- 
4tinZ s ?L l ' 10l :, P0int3, Knowl "K "nd all U„ 

oi .he ,l , i is 1 r pnto ' ,i "' —»* 


mwmm 
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soonllod AnglodTronoh arc, oxtonding nioTO than twelve degrees in length; 
the Indian uro, nearly eighteen dogrocs long; and the great Knsflo-Soaudl- 
imvinu arc, more Hum twenty-five dogreos iu length, and reaching front 
I fnn inter lost to the inoubli of the Danube. Olio short are has boon measured 
in South America and ono in South Afrioa. 

In a gonornl way, it appeal's that tlio higher tlio latitudo tjio longer 
the are. Thus, near the equator tlio longtli of a degree hna been 
found to bo 8(12,800 foot in round numbers, while iu northern Sweden, 
in latitude 00°, it is 0(15,800 foot; iu otlior words, the earth’s nurfuee 
is Jlatler near thepohn. It is iioeesHiiry to travel BOOO feet furtlier iu 
►Sweden than In India to Increase tlio latitude ono degroo, us moftsured 
by tlio olovation of tlio celestial pole. 

148. The deduction of the exact form of tlio earth from such 
measurements is an abstruse problem. Owing to errors of observation 
and local deviations in tlio direction of gravity, the different ares do 
not give strictly accordant results, and the best that; onn bo done is to 
Hud the result which niont nearly mUhJ leu all the observation ft, 

Jf we assume that tlio form is that of an exact spheroid of revolution) 
with all the meridians true ellipses and nil oxnotty aliko, tlio problem 
is simplified somowliat, though still too complicated for dismission 
here. Theory indicates that tlio form of a rovolvlng mass, fluid 
enough to yield to tlio forces acting in such a cubo, ami prob¬ 

ably would , be such a ephwdtl; but other forms arc also theoreti¬ 
cally possible, and some of tlio moaenromonts rather indicate that 
the equator of tlio earth is not a trim oirclo, hut ail oval ilattoned by 
nearly half a mile. On the whole, howovor, astronomers arc dis¬ 
posed to take tlio ground tlmt sinco no regular geometrical solid 
whatsoever can ubttohtlely represent tlio form of the earth, wo may ns 
well assume a regular sphoroid for tlio standard surface, and consider 
all variations from It ns local phenomena, like hills and valloys. 

149. Each UKUiHuroinont of a degree of latitudo gtvos the "ratlin* of car- 
imiure" ns it is called, of the meridian at tlm degroo measured. Tlio length 
of a degree from TL° !)()' to 45° BO*, multiplied hy 57.29 (the number of de¬ 
grees in a radian), gives the radius of the u osculalnry circle” which would 
just fib (ho curve or the meridian at that point. Having a table giving 
the actual length of oneh degree of latitude, wo could construct tlio oartli'B 
meridian graphically ns follows:—> 

Draw bho HuoyLY, Fig. 51, On it lay off An ,equal bo blm radius of ourvn- 
turo of the first measured degree (tlmt is, 57.9 times tlio longtli of tlio degreo), 
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and with a as centre, describe an arc AB, making Mio angle Auff junt onn 

dogma, Next product* Urn lino JUi U\ h, 
making Bb tho nulit ih of curvature of 
tho second degree, ami draw tliin mroud 
degrcc-aro; and ho prompt until flu 1 
whole ninety liavo boon drawn. Thin 
will give one quarter of the meridian, mid 
of course the throo ofchnr quartern arc* nil 
just liko it, a t bf c, olu., nr« cmllml I In* 
“centres of curvaturo M of Llio diflerent 
degrees, 

If wo assume tho curve to bo mi 
ellipse, then tho equatorial Homulmini'lm* 
Fio.fii, A0, and tlio polar, PO t are given rnsjii'c- 

Radii of Curvature of tho Moddinn. tively by the two fonnitltiH, A 0 — 

* and PO— y/ffpi q and p being II 10 radii 

of curvature (/1« and Pe in the figure) at the equator and polo, 

160. The " 1 eUipticUy '” or “oblaleness" of an olltpao is tho fmollon 
found by dividing the difference of tho polar and equatorial tliamotws 
by the equatorial, and is expressed by the equation 



cl = 


" A 


Of Ji he tllis is ftccor(]!l, e' t0 Clarke’s sphorohl, 

• Until within the Inst few years BosseTs mnullor vulnr, 

Ss,”;r y rj *‘" ,e ' a «-*- >1-., i» 

" ot 1,0 -i* ■<» 

« „ _ V^l 9 -Ii a 

- — ’ 

symbol is usually e, 12,1 aS i l h 


parallel of latitude would be cnuftl!n« i° f ° ngltlu,c mo »s«red along miy 

the cosine of the latitude. On an oblate IT° S °‘ ‘l’ 0 e ^ miav "mlMplIisd hy 
«« »f „. mn th , , phm 
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grees of longitude are evidently everywhere shorter fclmn on tho sphoro, 
tho difference being greatest at a latitude of 45°. 

In fact, arcs in any direction between stations of which both the latitude and 
longitude are known can l>o utilized for tiio purpose; and thus tlio extensive 
surveys tlmb Jmvo boon mado in different conn trios Imvo given us a pretty 
accurate knowledge of tlio earths dimensions. It is Yory dosirable tliat In 
aomo way tho chain of actual measurements should bo extended from tho 
eastern continent to the western, but the immense diflloultics of so doing 
are obvious. 

At present tlio distaueo from a point on the earth's surface (say tho ob¬ 
servatory at Washington) to any other point in the opposite liomisphoro (say 
the obsomitory at tho Cnpo of Good Hope) is uncertain to perhaps tlio 
extent of a cpinrtor of a mile, 

162. 2, Pendulum JSxjwrimenis. — Since 

% 

(PlijHlca, p. 72), f7=“ri 

we can fchoroforo measure tlio variations of tlio force of gravity, (/, 
at different parts of the earth, either by taking a poiulntum of in¬ 
variable length and determining /, tho time of its vibration ; or by 
measuring tho length, Z, of a pendulum which will vibrato seconds. 
Kxtenslvo surveys of this sort Imvo been made, and are still in prog¬ 
ress, anti It is found tlmt tho force of gravity at the pah exceed* that at 
the equator by about part. In otlior words, a person who woiglis 
100 poulids at tho equator (by a wring balance) would, if carried to 
„ tlio pole, show 101 pounds by tlio same balanco. 

The apparatus most iisod at pros out for tho purposo of mooBuring tho 
force of gravity is a modification of tho so-oallod Kotor's ixm did urn* Tho 
poiuluhun itsolf usually consists of a brass tuho about an inoli in diamotor 
and about four foot loug 4 camming a ball tlireo or four inolicB in ulamoter at 
each ond, both bade being exactly of the same size, but one solid while the other 
is hollow. Two knife edges are inserted through the ml at right auglos, 
one near tho heavy ball and tho otlior at just the smuo dlstanoo from tlio 
lighter one, and tlio weights and dimensions of tho apparatus are so adjusted 
that tho time of vibration will be very approximately the same whether the pendu¬ 
lum is swung heavy end up or light and up, and will ha not far from one second . 
Tho distance between tho knifo edges will thou, according to the theory of 
the pendulum, bo very nearly equal to tho length of a simplo ponduluin 
vibrating in the samo time j and bho small difforonqo oan bo accurately cal¬ 
culated wlion wo know Lhu exact tlmo of vibration, onoh end up. The 
knife edges swing on agato pianos which aro fastened upon a Arm support \ 
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and groat pains must be taken to have the support roiilty (Inn* IVolWsor 
Peirce of ouv Coast Surrey a few years ago detected impin’taut err tits hi n 
majority of the earlier pendulum observations, duo to insulVioimifc tnwo i»> 
this respect, 

153. The observations consist in comparing tho pendulum with a chirk, 
either by noting the “coincidences ” or by an electrical return! imtiuuul h ully 
made on a chronograph. A pin attached to the end of thn puuriuluui 
touches a globule of mercury (which is momentarily mis oil for thn pmjnw 
once in eight or ten minutes), and so records tho swing upon tho uhvoiio- 
graph sheet. The observations need to bo carefully corrodUu! for fvvijwrutuvr 
(which, of course, affects the distance between tho knife wlgna), Uiv tho 
length of arc through which the pendulum is swinging, and for tho rauVtfcrtin; 
of the air , The observations determine tho "force of ffruvify** (Krmmh 
“pesanieur”) at the station. This “force of gravity,” liowovor, Ihm 
mined, is not simply the earth’s attraction) but includes alao tho uflfuol-s of Oio 
centrifugal force, due to the earth's rotation, which wo must) cxnrnicluv and 
allow for. 


154. At the equator the centrifugal force acta vortlonlly in dlroel 
opposition to gravity, and is given by the well-known formula 


0 = 


7 1 

R 


(see Physics, p. G2), in which V is tho velocity of tho earth’* su¬ 
ffice atthe equator, and R the earth’s rarlins. Sincn V in otuml it, 
the earths circumference divided by the number of Hocniuh h, „ 
sidereal day, we have 


2 77 I t 

t ’■ 


and C= - 


Air'll 


i 2 


STm™™ r di " S ° f th f 6W ?’ cq " ftls 20,920,000 foot ; and t wpialn 

is ' i_ ? Sec ' 01Kls< °> therefore, conics out 0. II l feet, which 

,s T hot (!></ being 82£ feet. 

equal gravity; so tiiat on Hmf J ,ll,ofi K 1 oator tlmii now, and would 

alULv^ at i]w «’inatorwoHld weigh 

flying. ‘ 6 ’ ‘»»y gieater velocity of rotation vv.mld wind Muon. 

ju «JQ|[.«V MM., ,i„o» « r, 0QcmM0W MllU . |ftl(0ll 
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force, e, equals Ocos^, acting at right angles to the axis of the earth 


Now* this centrifugal 
n 


and parallel to tho plane of the equator 
force o is not wholly elective in dimin¬ 
ishing the weight of a body, blit only 
that portion of c (MU in Fig, 52) which, 
is directed vertically, c is MT in tlio 
figure, and Mli Is equal to o multiplied- 
i)y the cosine of 0, which finally gives 
us 0 X co.s*</f for the amount by which 
tlio centrifugal force diminishes gravity 
at a station whose latitude is 0. 

Every determination, thereforo, of the 
u foroo of gravity, 0 obtained by the pendulum, needs to bo increased 
by tlio quantity 

X eos 2 0, 

28!) 7 



Fra, r>2. 

Tlio Jinrth'H OontrlfugQl Foroo. 


in order to got the real value of the earth’s gravitational aUructton 
at the point of observation. 

Tlio other coinponenfc of c (viz. MS) ruIh nl. right angles to gravity ami 
parallel to tlio oarth ’h surface, mid is given by the formula 

* C(io8 0hIii0« J C^hIii 2 

Tlio dirnotion nf still water is dub mi lined by tlio mmltanfc of tlin ear(b‘» 
attraction combined with this doileothig force acting towards tlio equator; 
m ro that this surface Is not )wrpomlioular to u line drawn towards the centre 
of tho oarth anywhere excepting at tho oquator and tlio poles. 


159. Having a series of pendulum observations, wo oan then form 
a table showing tho force of gravity at ouch station ; an (L correcting 
tliis by adding tlio amount of tho oontrifugal foroo at euoh plaoo, wo 
shall have the forco of tho earths attrnotion, Tills Is gronter tho 
nouror oaoh station Is to tho oontre of the earth; hut tin forth natol, 
there is no slinplo relation connecting tho force with the dfntimco. T!i 
uttracUon depends not only on tlio dislaneo from the contre of the earth, 
but also upon tho form of the earth and tlio constitution of Its Interior, 
and the arrangement of Its strata of different density. Wo may safol^ 
assume, however, that tlio oarth is nmdo up concmtricaUy^ bo to speak 
tho strata of equal density bolng arranged like the coats of an onion, 
Ou this hypothesis Clairaut, in 1742, demonstrated the relation glvon 
below, which Is always referred to as Clalraut's equation. 
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Lot w be the loss of weight between the oquntor mul tins polo, uml 
G the centrifugal force at tlio planet's equator, both boing oxpiONsid 
as fractions of the equatorial force of gravity, and lot (l l)o die 
ellipticifcy of the planet. 

Then, as Clairaut proved, 

d + w a 2J x G\ 

whence d~2l G— to. 

In the case of the earth we have 


which gives 


t?_2|X 289~'l90’ 
1 


292.8 


Considering all the data, the most that can safely bo uultl a a to d is 
that it lies between the fractions and (Clarke's Infcer viiIuuh 
for cl are larger than that adopted by the Coast Survey*) 

158. Astronomical, Geographical, and Geocentric Latitudes.-— Thu 
astronomical latitude of a place lias been defined us the elevation »f 
the })o!e ) or, wlmt comes to the same thing, it is the angle between the 
plane of the equator and the direction of gravity at that plneo, how- 
ever that direction may be affected by looal causes. 

The geocentric latitude, on the other hand, is the jinglo tmulo at 
the centre of the earth (as the word implies) 
between the piano of the equator mid n lino 
drawn from the observer to tlio oontro of 
the earth, which lino of couvbc dociB not 
coincide with the direction of gravity, whum 
the earth is not spherical. 

The geographical or geodetic latitude of 
a station is the angle formed with tlio piano 
of the equator by a lino drawn from tin* 
station perpendicxdar to the sttvjh.ee of tht 
standard spheroid. 

If the earths surface were sir icily spheroidal^ and there were no local vuvia 
lions of gravity, the astronomical latitude and tlio geographical latitude 
would coincide-and they never differ greatly; but the geocontrlo lalltiulo 

by a V . ery conBidei, ^lo quantity- as much as H' In Inti- 
, . , The geocentric latitude is but little used except in certain astro- 

noimcal calculations where parallax is involved. 



N 
Fig, 63. 

-\6lronomica! nnd Geocentric 
Latitude. 
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In Fig. 5)1, tin 1 angle MOQ is tlio geocentric Iniitudo of M\ >vliilo MNQ is 
tho geographical latitude. MNQ is also tlin astronomical latitude, unless 
thorn is some local dLsturlmneo of tho direction of gravity, Tho miglo Ojl/iV, 
wliluh Is thu dilformico botwoou Mm gemsontrlc and tin(rnnniincsal lutl tudea, is 
v. nil nd li the am fin of tho vcrlicuV* 

157. Tt will bo noticed that Uio uNtronomlcal latitude of a plnco Is 
the only ono of fclumn throe lutttiicloH which is dtUmnincd directly by 
obmmtlion, g ]n orcUsr to know tlio yeomitm mid (jmyntphitxtl lati¬ 
tudes of n place, wo must know the form ami dlmenslonM of tlio earth, 
which are iinoortntiHHl only by thu litdp of oliHorvatlons Jimdo elsewhere. 

Tlio geocentric dugrecB mo longer near the equator than now tlio 
poles, nml it 1b worth noticing that if wo form a table giving the length 
of each dogroo of gaoymphkiil latitude from the equator to the pole, 
the same table, read hickwcmh^ given the length of ymmilvio degrees. 

Ninoo the earth Is ellipsoidal instead of nphorieul, it in evident that 
linen of “ lovel” on tlio eartlFh muTuee are affected by the oarth'n ro¬ 
tation. If this rotation were to mine, the direction of gravity would 
bo ho nmoh changed that the (lulf of Mexico would run up the Mia- 
BiHHippi River, beeuimo the distance from the centre of the earth to 
thu head of the river 1h Iohh by hoiiic thousands of feet than the 
distance from the mouth of the river to tlio centre of the earth. 

168. Station Errors. — Tim Irregular]Lien In the direction of gravity 
are by no moans InsoiiHihlo as compared with the unennmy of mndorn oslro- 
noinloal observation, and the difference hot we mi liio astroiinmleal latitude 
and longitude of a place and tlio googmphloal latitude mid longitude of the 
same phion constitute wluifc is called tlio "Malian etrorf in (lie eastern part 
of tlio Unitod States those station orrors, according to the Coast Survey 
observations, avorugo about 1J", Krrors of from 4" to (l #/ iwonot uncom¬ 
mon, and In mmintalnous noimtrioH, as for hiNtnnnn in tlio Caucasus mid In 
Northern India, tllose orrors occasionally amount to MO" nr 40", They am 
not « errors 11 in the sonso tliat the Astronomical JutiLittle of the plauo has not 
been determined correctly, but are merely tho ofToots of tlio Irregular distri¬ 
bution of matter in tho crust of the earth in altering tlio dlreofcinn of gravity. 
Pendulum cdiHcmtlons show local variations in tho force of gravity quilo 
proportional to tlio deviations which tlio Htntlon-orrors show in its (limition, 

IV, 

169. The Earth's Mass and Density. —The < viush' of a body 1 h the 
quantity of matter that it contains, Llio unit of maws being tho quantity 
of matter contained in a certain arbitrary body which in taken as a 
standard. For Instance, a “kilogram” In tlio quantity of matter 
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contained in the block of platinum preserved at Paris an fclm Httuirtim) 
of mass, 1 A pound is similarly defined by reference to Iho proto* 
types at Washington and London/ 

Two masses of matter are defined as equal which requmi the tit unit 
etymulitun of energy to give them the same velocity; or vice verna } 
those are equal which , when they have the same velocity, possess the 
same energy, and , in (jiving up their motion and com hit) to rest , do 
the same amount of work. 

Masses can therefore be compared by placing them in the some J\eh{ uf 
force and comparing the energies developed in them when (hay have moved v\pi\\t 
distances under the action of the force. This method, howovor, is Holdout 
convenient. 


160. Proportionality of Mass to Weight. — Newton allowed by liiH 
experiments with pendulums of different substances, that tit any 
given point the attraction of the earth for a body of any kind of 
matter is proportional to the mass of that body ; the uUriiotioii being 
measured as a pull or “stress” in this onso, and called ‘' the witjht " 
of the body. In other and more common language, Dm muss nf tt, 
body is proportional to its weight (wo must, not say it in its weight), 
pto,ided the weighing of the bodies thus compared is done, in chhch 
where scientific accuracy is essential, at the same place on the earths 
smface. Practical^’, therefore, we usually measure tlm masses of 
bodies by simply weighing them• It is to be carefully observed, how* 
ever, that the words “kilogram,” “pound,” “ ton)” oto., liitvo «J>m 
a secondary meaning, as denoting units of pull anti push, —of 
"stress” speaking strictly and technically,—or of “foroo," ns that 
much abused word is very generally used. 


,, nf 3 ’ fr .° m * hei ' avy f 111 * of view > 3 »st as propor to apeak of a stress or n 
! !! f , .. h poumi . 8f!!i ° f * ■»» a lumdrctl pounds, but tlm word 

JSJS « I 1 '? d f erGnt Mn * ln th0 two cases. At tlm am- 

face of the eaith the relation between the ideas, however, is so close i,|,ul 

Imbly/'o/pift plf 6 1 IUl1 came about i s perfectly obvious, and It is 

U uaiy piobable that language will ever change so as to remove it To a 
c tain extent it is admittedly unfortunate, and the student immt a I wavs be 

i 3 xr - 
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" weighs M very nearly 100 pounds; but, to anticipate slightly, at an olova- 
tion of 4000 miles above the surlaoo, the same mass would “ weigh ” only 25 
pounds; ab the difttaiico of tiio moon about half an ounce; whilo on tlio 
surfaco of tlio Him it would «weigh” nearly 2800 pounds. 


161. Gravity. —Tho law of gravitation discovered by Newton de¬ 
clares that any particle of mailer attracts any other ptartide with a force 
("ulresa” if tlio bodies tiro proven tod from moving) proportional 
inversely to the square of the distance between them, and directly to the 
product of their masses; or, as a formula, wo may write, 


N 


IP ft 


M\ X 
c * 8 ’ 


In which M x and J/ 2 aro tlio two masses, mid d tlio distance botween 
thorn, while k is a constant numerical factor dopoiullng upon tlio units 
employee]. 1 

Wo must not imagine tho word " attract ” to moan too nuieli. It moroly 
states tho fact that tlicro la a tendency for tho bodies to movo toward each 
other, without including or implying any explanation of tlio fact. So far, 
no explanation has appeared which is lean dillltnilfc to oomprclioud tlum 
tlio fact iLsolf. Whotlior bodies are drawn togethor by some outside action, 
or pushed together; or whether they tlminsolvoH can ant uofokh space with 
mathematical iutolligonco, — in what way it is that “ attraction ” cnintiH 
about, is still unknown, — apparently as inscrutable as the very nature and 
conatitubion of nn atom of matter itself j it is simply a fitmlumeniitl fad, 


162. When the distance between attracting bodies la largo as com¬ 
pared with tlioir own magnitude, then reckoning tho dlstanco bufcwoon 
their centres of mass as their true distance, tlio formula is aonetbly 
trno for them na it would bo for moro particles. When, howovor, tho 
distance is not thus great, tlio calculation of tho attraction booomos a 
very serious problem, Involving what is known os a “doublo integra- 


11 It will not do to wrlto tho formula 

F ilij X M* 

P 

(omitting tho it), unloflB the units nro so ohoBon that the unit of force shall bo 
equal to the attraction botwocn two mnsBOB each of one unit, nfc a distance of ono 
unit* It is not true that tho attraction between two pnrtloloB, oach having a 
mABB of one pound, at a dlataneo of one foot, is equal to a Blreaa of ono pound (of 
force), ns would rather naturally bo informed if wo should writo tlio equation 
without tho constant factor. 
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tion. M We must find the attraction of each particlo of tho flint body 
upon each particle of the other body, mid take the huiu of all thorn* 
infiuifcesimal stresses* Newton, however, showed that if the budien am 
spheres , either homogeneous or of concentric structure ^ then they attract 
ancl are attracted precisely as if the matter in them were wholly colt mini 
at their centres , The earth, for instance, attracts a body at !l« sur¬ 
face very nearly as if it were all collected at its own centre, 40(10 
miles distant; not exaotly so, because tho earth in not BlrinUy 
spherical; but in what follows wo shall neglect this slight iuaucuraay. 

163* In order, then, to find the mass of tho oarth in kiklftmuiH, 
pounds, or tons, we must find some moans of accurately comparing iln 
attraction for some object on its own surface with tho attraction of tint 
same object by some body of known mass, at a measured (ItoUumm 
The difficulty lies in the fact that the attraction produced by any budy, 
not too large to be handled conveniently, is so excessively warn!I that 
only the most delicate operations serve to detect and luoauuru it. 

The first successful attack upon the problom was made In 1774 by 

Maskelyne, tlic Astronomer Royal, by moans of what is now usually 

referred to as,— 


164. 1. “Tiie Mountain Method,” because, in fact, tho earth 
in this operation is weighed against a mountain. 

Two stations were chosen on tho same meridian, one north and oim 
south of the mountain ScbelmlHen, in Scotland. In tho first place, n 

careful topographical hut voy wti h 
made of tho whole region, giving the 
precise distance between tbn Men¬ 
tions, as well as tho exact dimen¬ 
sions of the mountain, which is a 

The Mountain Method of Determining the ** hog-baolc ” ()f V01*y Tegular <<OMt<UH\ 

Earn,-, Dcn „ ty . From tho known dimenmoiiH of tin- 



f , lwl .« _ Ga ™ and the measured disOmm* 

(FhwT* i° f ° ge0(Jmphical In-titiulcH of tho two jdacMiif ilfuixl ,V 
£* e0,H1)UtCd! l '">«#> which tho n h 

^ Has u fj° 4 "xL’T 10 , lf “'0-.'-™ -O ...ountai,. Vhoro. 

Mra»»»»c«n«ut»a8It e#<sU rtatloT 1 S T *° ° l "“™ 

latitude, i.e,, the angle which th. 5 . S “ rtronon,l ««l rtWoronoo <>r 
found to he 63" fcj }G ifimnh r l ™ * mcs tl °builly do nmko, wuh 

w “ 0 " 0U<1 ^ »ol»« rtr»trn 
position by the attraction of tho mountain to tho 
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extent of 6" on oaoh side; so that tho astronomical difference of 
latitude was increased by 12 f/ over the geographical. 

Af_ m 

Now, in such a case the ratio of gravity to tho deflecting foroo, \ 

acoording to tho laws of the composition of foroos, is that of \ 

aM to aA f in tho figure (Fig. 55), or the ratio of 1 to tho tan- V 
gent of tho dofloction, 8; that is, calling tho deflecting force f 
we havo 2= cot S, = oofc O' 7 in this oftfie, \ 

By the law of gravitation, the earth's attracting force at its \ 
surface is given by tho formula a p^Hl / 

A 

‘ , E Fia, 66. 


where 1? is tho mass of tho earth (the unknown quantity of our problem), 
and if its radius, 4000 miles. Similarly, if C hi tho figuitf is tho centre of 
attraction of Llio mountain, we have 


m being the mass of the mountain, and d the distance from C to tho station. 
Combining this with the preceding, wo get 


or, in this case, 


E = fu\f J l 
™ \f) u 


- = cot fl" | 


We thus gat the ratio of the earth*a mass to that of the moun¬ 
tain; and provided we can find the mass of the moan tain in tone 
or nuy other known uuit of mass, the problem will be completely 
solved. By a oarefnl geological survey of the mountain, with deep 
borings Into its strata, the mass of the mountain was determined ns 
accurately as it could be (though here is the weakest point of the 
method), and thus the mass of the earth was finally computed, 

Now, knowing the diameter of the earth, its volume In cubic feet Is 
easily found, and from the volume and tho known number of mass- 
pounds, (62^ nearly) in a cubic foot of water, the weight the earth 
would have, if composed of water, follows. Comparing this with tho 
mass aotually found, we get the density, which in this experiment camo 
out 4.71. 

A repetition of the work in 1832 at Arthur's Seat, near Edinburgh, 
gave fi.82 ? 
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165. 2. Much more trustworthy results, however, nro obfciumul by 
the method of the tonsion balance, first devised by Michel!, hut UrM 
employed by Cavendish in 1798. A light rod, currying two small 
balls at its extremities, is suspended horizontally at its centre by u 

long lino metallic M r iro. If it bu al¬ 
lowed to come to rent, hik! then a very 
slight deflecting force ho applied, lias 
rod will bo pulled out of position by 
an amount depending on tlm sti (Turns 
and length of the wire, iih well jih 
the forco itself. When tlm delimiting 
force is removed, tlio rod will vibrato 
back and forth until brought to rent 
by the resistance of tlio uh\ The 
“torsional coejjltient” as it in culled 
(i,e. y tlio stress corresponding to ti tor¬ 
sion of one revolution), cun ho accu¬ 
rately determined by observing llm (line 
of vibration when tlm dimensions unit 
weight of the rod and hulls urn known, 
Fia, 58. — Plan of tlio ToraionBalance. If, HOW, two largo bulls A Uiul 7/ nro 
, t brought near tlio smaller ouch, us in 

ing. 56, n deflection will.be produced by their attraction, and the 
small bulls will move from a and b to «' and V. By Hluftina tlm 
largo balls to the other side at A' and B', wo get an equal .lelleutton 
m the opposite direction, Le., to a" and b", ami the dilTorame hr- 

, tW0 |,0Slt,0us assumed by the small balls, «V" mid 
b'b'\ will be twice the deflection. 

ss£ 1 wMchivrieiv h vr° - e - upieti byti, ° 

t- ~ tT'zz t ztn ? toi ir w,t 

ii “ ™ n " wi "•*»>»••«» o.iuui. 
near it is found directly firm/tinf^™ ? ^ la 'V ohatl "" tlm Htm.ll ouit 

iostance, is ujth, “P™™*- » «■» . far 

aae ,„i &££**-* tal ”» *™1, tliat it taken 

the wue ntonni] on. .hole revolution, limn t|„, 
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¥ 

clofloetlng forco, which wo will oull / ns before, will bo of a grain. 
Cull the mass of the largo ball U, and lot d bo tlio measured distance 
from its centre to that of the doilootod ball Wo shall thou have 


f h B . 



whenoo wo got, very much as in the preceding case, 

B A d)' 

ivlilch gives the mass of tho earth in terms of B . 

Tlio method cHflbrg from tho preceding In that wo uso a large ball 
of metal instead of a mountain, and measure its doflootlng force by a 
laboratory experiment Instead of coinparing astronomical observations 
with gcodotio measurements. 


168. In tho oarllor experiments by tills method tlio small balls wore 
of load, about two indies In diameter, at tho oxtromitios of a light woodon 
rod, flvo or six feet long, enclosed in a ouho with glass ends, and fcholr posi¬ 
tion and vibration was observed by a telescope looking directly at thorn from 
tb distanco of sovnml foot. The attracting masses, 7i, were balls also of load, 
nlxmt ouo foot in diameter, mounted on a frame pivoted in such a way 
tlmli they could bo easily brought to tlio required positions, 

Groat diflloulty was oausod by air currents in tho case, and It was neces¬ 
sary to onoloso tho wliolo apparatus in a small room of its own which was 
covered witli tin-foil on tho outside, and to avoid going near tlio room or 
allowing any radiant boat to strike it for hours boforo the observations. 
Hally, in England, and Itoioh, in Germany, between 1888 and 18d2, made 
vary extensive series of observations of this kind, Dally obtained 6.00 for 
tho earth's density, and lloioh 6.18, 

Tlio experiment was repented in 1872 by Cornu, in Paris, with a modiflod 
apparatus. 

Tho horizontal bar was in ibis ease only half a metro long, of aluminium, 
with small platinum balls at tlio end. Pur tho largo balls, glass globes worn 
used, which could bo pumped full of mercury or emptied at plonsuiu Tho 
wholo was enclosed in an airtight onso, uml tho air exhausted by an air- 
pump. Tlio deflections and vibrations woro obsorvod by moans of a tolo- 
Bcopo watching tho imago of a sonlo reflected in a small mirror attaohod fa 
tlio aluminium boam near its coniro, according to tho method first dovisod 
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by Gauss and now so generally used in galvanometers and similar apparatus. 
Cornu obtained 6,66 as the result* and showed that Ihiily’s figure required n 
correction which, when applied* would reduco it to 6.66, 


167, ' 8« Potsdam Ousehvations. —During 1886 and 1887 another 
series of observations was made by Wilsing, at Potsdam, with apparatus 
similar in principle to the torsion balance, except that the bar carry¬ 
ing the balls to be attracted was vertical, and turned on knife edges 
very noar its centre of gravity. The knife edges, like those of an 
ordinary balance, rested upon agate planes, and the centre of gravity 
of the apparatus was so adjusted that one vibration of the pendulum, 
under the influence of gravity alone, would occupy from two to four 
minutes. The deflecting weights in this case were largo cylinders of 
cast iron, suspended in such a way that they could*be brought oppo¬ 
site the small balls, first on one side and then on the other, The 
whole was set up in a basement, and carefully and very effectually 
guarded against all changes of temperature, the arrangements being 
such tlmt all manipulations and observations could bo effected from 
the outside without entering the room. The da/lcotious and vibra¬ 
tions were observed by a reflected scale, as in Cornu's observations. 
The result obtained was 6,59. 

Several other methods have been used; of loss scientific value, 
however. 

168, a. The mass of the earth can bo deduced by ascertaining the fore?, 
of gravity at the top of a mountain and at its base } by means of pendulum experi* 
ments. The mass of the mountain must be determined by a survey, just ns 
in the Scheh allien method, which makes the method unsatisfactory, At the 
top of a mountain the height-of which is h, and the distance of its centre of 
attraction from the top is d> gravity will bo made up of two parts, ono the 
attraction of the earth at a distance from its centre equal to 11 -j- h t and tlio 
other the attraction of the mountain alone considered. Calling the mass of 
the mountain m, and gravity at its summit f (g being the forco of gravity at 
the earths surface), we shall have the proportion 



jg.r E 
W'l (R + hf 


+ 



the second fraction in the last term of the proportion being tho attraction 
of the mountain* When g and f arc ascertained by the pendulum experi¬ 
ments, E remains as the only unknown quantity, and can bo readily found* 
Observations of this kind were made by Carlini, in 1821, at Mfc, Conis, find 
the result was- 4,95,. 
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109. b» By means of pendulum observations at the earth's surface compared 
with those at the bottom of a mine qf known depth . This method wax employed 
by Airy in 18‘DJ, at Ilartou Colliery, 1200 feet deop; J esuit, 0.00. In this oaso 
llio principle involved is somewhat different. At any })oinl within a hollow , 
hamoyencnuSj spherical shell } gravity is zaro y as Now ton 1ms shown, The 
attraction balances in all directions. If, thou, wo go down into a mino, 
the offect on gravity is the same ns if a shell composed of all that part of the 
earth abovo onr levol had boon removed. At the samo timo our distance 
from tho earth's oontro 1ms been dee re used by d t the depth of tho inino. 


At the surface 



as boforo. 


At tho bobtojn of tho mlno 


u f —k 


Jg—»Hholl 11 


Comparing tho two equations, wo And E in tho tonus of tho shell, sinoo 
tho ratio of g to <f is givon by poiidulum observations, Obviously, however, 
tho mass of tho "sholl" ia difficult to dotomiino with neouriicy. And itia by 
no moans homogeneous, so that tlioro is no great reason for surprise at tho 
discordant result, g' was found to be actually greater than //, showing that 
although at tho oontro of the earth tho attraction nooossarily becomes zero, 
yet as too descend below the surface y gravity increases for a lime down to Homo 
unknown but probably not vory grout dopth, wliora It bocomos a maximum. 

170. q, lly experiments with a common balance. It a body bo hung from 
ono of the soalo-pans of a bahiuoo, its apparent weight will obviously be 
iiioroasod whon a largo body is brought very near it underneath j and this 
Inoronso oan bo measured. Poyjitlng in England and .Jolly in Germany 
havo recently used this method, and Imvo obtained results agreeing very 
fairly with those got from tho torsion balance. Tho oxporlmont, with some 
modifications, is soon to bo triad again on a vory largo scale in Germany. 


171. Constitution of the Earth’s Interior,—Sinoo tho avorago den¬ 
sity of tho earth’s orust does not oxoootl throo times that of water, 
whilo tho moan density of tho whoia onrth Is about 6.68 (taking tho 
nvorngo of all tho most trustworthy rosults), it is obvious that at tho 
contro tho density must bo very much greator than nt tho surfneo,—* 
very likely as high ns eight or ton times that of water, and equal to 
tho density of tho heavier metals. Tlioro is nothing In this that might 
not ImvO boon oxpoetod. If tho onrth wero over fluid, It is natural to 
suppose that In the solidification tho densest materials would Bottlo 
towards the interior. 


Whether tho interior of tho earth h nolid or fluid It is difficult to say with 
certainty. Certain tidal phenomena, to bo discussed hereafter, have Iod Sir 
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William Thomson and tho younger l)avwin to conehitlo Llmi tho ourlTa an a 
whole is solid' throughout, and “more rigid than yJflNH,” volomiir eonhcti 
being mere pustules in the general mass.. To this many geolngmLs doinm\ 
As regards the temperature at the earth's centre) it is hardly mi imtnmiiiinnil 
question, though it has very important astronomical millions. Wo nun only 
take space to say that the temperature appears to iiummso from Urn surfum 
downward at the rate of about one degree Fahrenheit for every iifly or sixty 
feet, so that at the depth of a few miles the temperature muwfc bo very 
high. 
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CHAPTER VI, 

TIITO Al 1 FA RENT MOTION 01? TTII3 SUN AMONG THE STARS > 

AND TITE MART 1-1*8 OR1UTAL MOTION. —- THE ICQUATtON 

01* TIME, FEDOESHION, NUTATION, AND AH DURATION.— 

VARIOUS KINDS 01? “ YKAU.”— T1T10 CALENDAR. 

172. Tlie Annual Motion of the Sun. —The apparent anwtcrf mo¬ 
tion of the sui i must have been one of tho earliest not iced of all astro¬ 
nomical phenomena. Its discovery antedates history, 

As soon by tho people in Europe and Asia, tho sun, starting in 
the spring, mounts higher in tho -sky oaoh day at noon for tlireo 
months, appears to stand still for a fow days at tho summer sol¬ 
stice, and then descends towards tho south, roncliing in tho autumn 
tho Homo noonday elovation it had in the spring. It keeps on Its 
southward course to a winter solstice in December, and then returns 
to its original height at tho ond of a year, marking and causing, tho 
seasons by Us courso. A year, tho Interval betwoon tho successive 
returns of tho sun to the same position, was very early found to 
consist of a littlo more than throo hundred and sixty days. 

Nor is this ail. Tho elm’s motion is not merely a norlh-und-south 
motion , bub it also moves* eastward among (Jig slurs; for in tho 
spring the stars which are rising in the eastern horizon at sunsot are 
different from those wldoh aro found there in tho summor or winter. 
In tho spring, tho most conspicuous of tho onstern constellations at 
sunset arc Leo and Routes; a littlo later, Virgo appears; in the sum¬ 
mer, Ophluolma and Libra; still lator, iSoorpioj and. In mld-wlntor, 
Orion nud Taurus aro in the eastern sky. 

173. So far as more appearances go, everything would bo ex¬ 
plained by assuming that tho earth is at rost and tho sun moving 
around it; but equally by tho converse supposition, — for if tho earth 
as seen from the sun appears at nny point in tho heavone, the sun ns 
scon from tho earth must appear in oxactly the opposllo point, and 
must keep opposite, moving through tho smno path In tho sky (but 
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six months behind), and always in the same “ angular direction/' if 
we may use the expression, (Just as two opposite teeth on si gear¬ 
wheel move in the same angular direction , though at any moment 
they are moving in opposite linear directions*) 

174. That it is really the earth which moves, and not the hiiii, U 
absolutely demonstrated by two phenomena, too minute ami delicate 
for pre-telescopio observations, but accessible enough to modern 
methods, We can only mention them here, leaving their fuller dis¬ 
cussion for the present, One of them is the aberration of Ihjhl , Mm 
other the annual parallax of thefmd stars . These can he explained 
only by the actual motion of the earth. 


175. The Ecliptic, — By observing with a meridian circle dully 
the declination of the sun, and tho difference between Its right 
ascension and that of some star (Flamsteed used a Aqullio for Urn 
purpose), we shall obtain a series of position* of tho nunh* eonlru 
which can be plotted on a celestial globe ; and wo can thus nmlco tml 
the path of the sun among the stars, and find the place whom U 
cuts the celestial equator, and the angle it makes. This path turns 
out to be a great circle , as is shown by its cutting tho equator at two 
points just 180° apart (the so-called equinoctial points or equinoxes), 
and makes an angle with it of approximately 23£°. This groat olmlu 
is called the Ecliptic, became, as was early discovered, c*]Wh 
happen only when the moon is crossing it. It may bo coined u* thv 

!** °f l ! e / am °f the orbit upon the celestial sphere, just n» 

he celestial equator is the trace of the piano of tho terrestrial cnim- 
toi on the same sphere, 1 


short time. ’ OocllnaU.,,, r.., „ 

c £° tt' "™-™ »>« «*.«»,,, 

:• i»«u* thu... 

The obliquity i s 0 f courxo • ™ otl0n to n southward, or v&wj vcmi. 
nation, or greatest distance t0 tllc M ®' www 1 dwli- 

June and Decetbt- *"*■**. whiel ‘ in 
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Tho aiicionfcs were accustomed to d^torinino it by means of tho gnomon 1 
(Art. 107). Tho length of tlio shadow at noon on Clio solstitial days deter¬ 
mines the zenith distance of the sun on those days, and the diiTorenoo of tlio 
zenith distances at tlio two solstioes Is twlco tlio anglo desired. Tho gnomon 
also determined for tlio aiieionts the length of tlio A 0 * 11 '* it being only neces¬ 
sary to ohsorvo tlio interval botwoen days in tbe spring or autumn, whon the 
shadow had the samo length at noon, 

177. The Zodiao and its Signs, — A holt) 10° wide, 8° on eaoli side 
of tlio ecliptic, Is called the Zodiac. The name Is said to be dorived 
from £wor, a living creature, because tlio constellations in it (except 
Libra) arc all figures of animals. It was taken of that particular 
width by the anolonta simply bccauso, tho moon and tlio tlion known 
planets never go further than 8° from tlio oollptio, 

This bolt is divided into tho so-oallnd &u\m, onoh 30° in length, having 
tho following names and symbols : — 

r Arias, 

Spring -J Taurus, y 
(Gomliii, n 
(Cancer, 22 
Summnr } Leo, 5b 
(Virgo, nj> 

Tho symbols am for tlio most part conventionalized pictures of Dig ob¬ 
jects. Tho symbol for Aquarius is tlio Egyptian diameter for water. TJin 
origin of tlio signs for l^oo, Virgo, and Capricorn un is not quite ttlonr. It 
has boon suggested that SI 1 h simply a u atmvu ” form for A, fcho initial of 
A£an>\ ^ for Uap (ITap^rov), and V? for Tp (Tpayo?). 

CELNSTUL LATITUDE AND LONGITUDE. 

178. Since tbe moon mid all the principal planots nhvjiys keep 
within tho zodiac, tlio eclipLlo Is a very convenient circle of reference, 
ami was used an such by tho nnctontu. Indeed, until Lho invention 
of pendulum clocks, it was on tlio whole moro convenient than tlio 
oquator, and moro used* 

Tlio two points !u tho heavens 00° distant from tho odlptlanro called 
the Poles of the ecliptic, Tho northern one In in tho constellation 


1 The Chinese claim to havo mnde nn obnervallou of iIlIb kind about <1000 ii.c t| 
and tlio result glvon la very nearly wlint it should havo been nl that (lino. (Tho 
obliquity ehnngcs slightly in eon lari oi.) If ihulr observation is genuine, it Eg 
by far tlio oldest of nil nslrononiliml roeordi, 


r Libra, a 
A utumn } Scorpio, lq, 
(Sagittarius, / 
s Capricorn us, VJ 
Winter i Aquarius c# 
y Pianos, X 
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of Draco, about half-way between tho stars 8 tuul £ DraoinilB. Now, 
suppose a set of great cll’cles drawn, like meridians, through tlmmi 
poles of the ecliptic, and hence perpendicular to that circle J Uiukh 
are Circles of latitude or secondaries to the ecliptic. The LnsomruK 
of a star or any other heavenly body is, then, the angle made at Ihv 
pole of the ecliptic , between the circle of latitude, which ptisstw through 
the vernal equinox, and the circle of latitude passing through tho htnhf; 
or, what comes to the same tiling 1 , it is the aro of the ecliptic included 
between the vernal equinox and the foot of the circle of latitude 
ing through the body . Celestial longitude is always reckon oA uttut- 
ward from the vernal equinox, completely around Urn ecliptic, ho llmt 
the longitude of the sun when 10 ° west of tho vernal equinox would Im 
written as 350°, and not as —lO 0 . 

The Latitude of a star is simply its distance north or xoulli of 
the ecliptic measured on the staves circle of latitude* 


1 



179. It will be seen that longitude differs from right ascension in 

being reckoned on the ecliptic instead of 

on the equator , nor can it bo reckoned 

in time, but only in degrees, mimilcH, 

and seconds. Latitude differs from ch>~ 

dination in that it is reckoned JYom the 

ecliptic instead o f from (he equator* 

„ The relation between right tincoimion 

and declination on tho ono hand, and- 

longitude and latitude on tho other, 

Pio w way be made cloaror by tho nocmii* 

n u# , . , t0 ' ‘ T panyhig diagram (Fig. 57 ) | u which 

Helatlou between Celestial Lntttiuto nntl nri . N , 

Longitude, anti "Right Ascension nnd 1S tllG CCllptlO MUl JuQ tllll UqtMl* 

Deciinniion, tor, 2JJ being the Yorn al oquiuox* hi 

being a star, its right ascension (a) in 
ER and its declination ( 8 ) is SR ; its longitude (A.) is EL, and its lati¬ 
tude (/3) is SL. Panel K arc tho poles of tho equator and mdlptio 
respectively, and the circle KPOQ is tho Solstitial Colure , so enlled. 

The student can hardly take too great care to avoid confusion of ctdeMliil 
latitude and longitude with right ascension and declination or with (««• 

y I 6 ’ 11 iSj o£ courso ’ that latitude in 

' ky "° fc b ® analogous to latitude upon tho earth', or celestial loniil- 
tude to terrestrial. The terms right ascension and declination arc, 1 1 owevL 
of compara ,vely recent introduction, and found the ground preocc n , 
celestial latitude and longitude being much older. PKOccupiui, 
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180. Conversion of A and ft into a and 8, ay Vioo Versa* — Right 
ascension juul declination eon, of oourso, always bo converted into longitude 
and latitude by a trigonometrical calculation. A Vo proceed as follows: In 
the trianglo ERS, right-angled at R } we have given ER and RS (a and 8), 
from which wo find the hypotliennso ES and the anglo RES. Next in the 
trianglo ELS, right-angled at Z, we Imvo the hypotlicmiBo ES and the anglo 
LES, which is equal to RES — LEQ (LEQ being w, tlio obliquity of tlio 
eoliptlo). Hence wo easily find EL and LS. 

181. The Earth's Orbit in Space.—The ecliptic.is not the earth's 
orbit , and must not bo confounded with It. It Is a great circle of tlio 
in finite oolcsfcial sphoro, tlio trace mndo upon tlio sphere by tlio piano 
of tlio earth’s orbit, ns was stated in its definition. Tlio faot that 
it is a great clrclo gives us no information about tlio earth’s orbit, 
oxcopt that the orbit all lies in one plane passing through the mn . It 
tells us nothing as to its real form and slzo.. 

By reducing tlio observations of the sun’s right ascension and 
doclliinfcion through tlio year to longltuda and latitude (tlio latltudo 
will always bo zero, of course, except for some slight perturbations) 
and combining them with observations of tlio sun’s apparent diameter, 
wo can, howevor, ascertain the real form of the earth’s orbit uud tlio 
law of its motion In this orbit. But tho ske of the orbit—the scale 
of miles — cannot bo fixed until wo can find tho sun’s distance. 

182. To And the Form of tho Orbit, wo may procood thus t Tako 

a points for tlio sun and draw 
from it a lino £0, Fig. 08, 
directed towards tho vonial 
equinox as tho origin of longl- 
tudoB. Lay off from S indefi¬ 
nite linos, making angles with 
SO equal to tlio earth’s longl- 
tudo on each of tho days ob¬ 
served through tlio year; 
tlio angle OS 10, is tho longi¬ 
tude at tlio time of tho 10th 
observation ; and so on. Wo 
shall thus got a sort of u spi- vm.to* 

dor,” showing tlio directions as DolonnlntUlon of tli c Form of (ho forties Orbit, 

soon from tlio earth on those days. 

Noxt, as to relative distances* Whllo tho apparent dlnmotor of the 
buu docs not toll us Its real distance from tho oarfch, unless wo ilrst 
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know the sun’s real diameter in miles, tho changes in tUo apiuiumi 
diameter do inform us as to the relative distance of the* earth at, 
different times, since the nearer wo are, the larger the Hun jvpptMWH, ■- 
the distance being inversely proportional to the apparent dhvmutuv 
(Art* 6). Jf, then, we lay off on the arms of our u sender" 
tances inversely proportional to tho number of accondH of nro in thu 
sun’s measured diameter at each date, these cliHtnnocH will \m 
porttonal to the true distance of the earth from the sun, ami the eurvo 
joining the points thus obtained will be a true map of Aha mirth 1 h 

orbit, tliough without any tumla of 
miles upon it, 

When the operation in porformtnl, 
wo find that the orbit in nn nil ipso 

a' \ ^ ] _ \\ \ ^ of small eccentricity (about omi- 

sixtieth), with tho mm, not in I be 
centre, but at oil o' focus, 


n 


X/\ 

\ 

\, 


r j>- o 


7 


Fro, f. 0 ,-T))o EIIJjwo. 


183. For tho benejit of any who 
may not havo studied conic mmlloim 
„ , , ‘ wo define the oil ipse. Ti; is a curve hi tali 

tr. tie iwo dances from any point, an its chr.imfvrv.me to 

cnlMth! >m ' Ca ' ed t tt lt J '° Cl ’ k dwa,JS consl<m, > '"‘fl ^iiml U, wltnl I* 
! J lnflJor ' ax,s of tho eH'l**. ST+PpmAA’, in Fi& «>. AV i« 
called ho 8e.m-major.nxJs, anti is usually denoted I»y A „.* Jia i» |) l( , 
seini-nnuor-axis, denoted by B or „ The eccentric^, denoted by * l Z 

fraction 

AC 

Since BS is equal to A, 


and 



line of ftp ’ idP8 16 K,aJ01 nxlS beiH ^ * Uniited plooo or M(lt ” of Ulu 


without a *? *?° sina!t to 1,0 ‘l“tool,«I 

the ancients were unable to pefeeivi thl" °? ‘ "A lw cu,lfc )> HW U'»l 
i cene thorn. Ihpparclum, however, ub.u.t 
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150 n.c., discovered that tho earth Is not in the centra of Mio circular orbit 
which ho supposed tho mm to describe around it, Everybody iusiiibiccI, on 
a priori grounds, never disputed until tho time of Kepler, that the sun's orbit 
must bo a oirolo and described with a imironn motion, bocattso a oirolo is 
Lho only **perfect ” curve, and uniform motion tho only porfcob motion, 
Obviously, however, tho muds apparent motion is not uniform, boomiso it 
lakes 180 (lays for Lho sun to pass from tho vernal oquinox lo tho autumnal 
through lho summer months, and only 170 days lo return during tho win¬ 
ter. IIlpparohus explained tins dlfferenoo by tho hypothesis that tho earth 
is out of tho coil Ire of Dig sun’s path. 

185. To find the Eooentrioity of the Orbit. — Having the greatest 
and least apparent diameters of tho sun, tho eccentricity, e, la easily 
found. In Fig. 50, since, by definition, e=? OS 4- CM, wo have OS = 
OA X c , or Aa. Tho porihclion distance AS is therefore equal to 
Ax (l — c), and tho aphelion distanoo SA* to A (1 + e). Suppose 
now that the greatest and loaBt measured diameters of tho sun are;) 
and q , This gives us tho proportion puj^A (I + e) \A (1 —c), 
slaco tho diameter aro inversely proportional to lho distances. From 
tills wo get _ q 

G=Z P + '<1 

Tho actual values of;) and q aro M'U and fll f which give 

e i=s O.OHJ7H : this is about as 1ms been stated. 


180. To find the Law of the Earth’s Motion,—By comparing the 
measured apparent dluinoier with the differences of longitude from day 
to day, wo can also deduco tho law of tho earth's motion. On making 
a table of dally motions and apparent diameters, wo find that those 
daily motions vary directly as tho squares of (ltd diameters; from which 
It dlrcotly follows that tho earth moves d 

in such a way that its radius-vector 
describes areas proportional to the limes 
(a law which Kepler first brought to 
light in 1000). The rad I us-vector is 
fclio lino which Joins tho earth to the 
sun at any moment. 



DO. 

Kqunb)o])oicrl|>UiJii or Aronn. 


187, Consider a smalt elliptical sec¬ 
tor, tlSc (Fig. 00), deKorihail by tho earth 
in a unit of time, Jtegarding Jt ns a trlan- 
glo, its area is given by fclin formula J Sc X Sd sin oSd j and calling this 
angle 0 (which will 1m very small), and considering that in sn short a time 
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Sd and j Sc would remain sensibly equal, each being* equal to R (the. radius- 
vector at the nucleile point of the arc), thin formula become#, 

Area of sector — * ii a 0. 

Now, calling tlie sun’s apparent diamotor 7), wo have i 



(k being a constant, and depending on the sun's diameter in miles) J 

whence 7^-—. 

D 2 

But out measurements show that 0—l\ JO 2 , Jfc, being another constant. 
Substitute these values of R 2 and $ in the formula for tho area, and wo have 

Area of sector = J~ x l\ 7> 2 — i Wr,, 

a constant; that is, the area described by tho rad ins-vector in a unit of timo 
is always the same, The planet near perihelion moves so much faster, that 
tho areas aSb, cSd> and eSf are all equal to each other, if tho arcs arc de¬ 
scribed in the same time. 

188. Kepler's Problem.—As the case stands so far, this is a mere 
fact of observation; hut as wo shall see hereafter, and as was demon¬ 
strated by Newton, tho faot shows 
that tho earth moves under tho ac¬ 
tion of a force always directed in line 
with the sun . In such a case the 
"equable description of areas” is a 
necessary mechanical consequence, 
It is truo in every caso of elliptical 
motion, and enables us to find the 
Kio.ai.-Kiev’sProblem. position of tho earth or any planet 

in its orbit at any time, when wo 
once know the time of its orbital revolution (technically tho period), 
and the time when it was at perihelion. Tims, the angle (Fig, G1), 
which is called the Anomaly pf the planet, must be such that tho area of 
the elliptical sector ASP will be that portion of the whole ellipse which 

is represented by tho fraction t being the number of days since the 

planet last passed the perihelion, and T tho number of days in the 
whole period. For instance, if the earth Inst prfSscd perihelion on 
Dee. 81 (which it did), its place on May 1 must be such that the 
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sector ASP will bo of the whole of tlio earth’s orbit; since from 
Doc. 31 to May 1 is 121 days. The solution of this problem, known 
as “ Kepler's problem” lends to transcendental equations, and lies 
boyond our scope. 

See Watson's “Thcorofcicnl Astronomy," pp. (53 and 54, or any other simi¬ 
lar work. 

180. Anomaly and Equation of tko Centre, — The angle ASP y 
whioh 1ms been termed simply the “Anomaly ” is strictly the true 
Anomaly, as distinguished from tho mean Anomaly. The former 
may be defined ns the angle actually male at any time by the radius- 
vector of a planet with the lino of aprides, tho angle being reckoned 
from tho perihelion point completely around in the dircotion of the 
planet’s motion. Tho mean Anomaly is wlmfc tho Anomaly would he 
at the given moment if the planet had moved with uniform angular 
velocity , completing the orbit in the name period^ and panning perihelion 
at the same time , ns It actually docs. Tho difference between the 
two anomaliofl is called tho fig nation of the Centre, This is zero at 
perihelion and aphelion, and a maximum midway between them. In 
tho case of the Him, its greatest value is nearly 2°, tho sun getting 
alternately that amount ahead of, and behind, tho position it would 
occupy iflts apparent daily motion wore uniform. 

100. The Beaflons,—Tho earth In its motion around the sun 
always keeps its axis parallel to Itself, for tlm mechanical reason that 
a revolving body necessarily maintains tho direction of its axis inva¬ 
riable, unless disturbed by extraneous force, us is very prettily Illus¬ 
trated-by the gyrosoopo, About March 20 the earth is so sltuatod 
that tho plane of its equator passes through tho sun, the sun’s decli¬ 
nation being zero on that day. 

At that time, tho line which separates tho'illuminated portions of 
the earth passes through tho two poles, and day and night are every¬ 
where equal. Tho same is again Iniu of the 22d of September, when 
the sun is at tho autumnal equinox on the opposite side of tlio orbit. 

About tho 21st of June tlio earth is so situated that Its north polo 
is Inollnod towards tho sun by about 2B£ D , which is tho sun's northern 
declination on that date. The south polo is then in tho obscure half 
of tho earth’s globe, wlillo the north polo rocoivos sunlight all day 
long ; and in all portions of tlio northern liondsplioro tho day is longer 
than the night, tlio difference between tho day ami night depending 
upon the latitude of the place, while in tho southern hemisphere the 
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days me shoiter than the nights At the time of the wmtei solstice 
these conditions me leveised. At the equator (of the eaitli) the day 
und night me cqnnl at all times of the yeai The sun when m noi th¬ 
orn declination of com so always uses at a point on the hou/on uw th 
of east, and sets at a point north of wost, so tliat ioi a pmtion of 
the time each clay it shines on the north side of a house 

191 Diurnal Phenomena near the Pole — At the m>i th pole, when 
the celestial polo is m the 7cnUh, and thoduunal cncles aio pinallol with 
the lion/on, the sun will maintain the same elevation all day long, oxccpl 
ten the slight change caused by the vauation of its decimation m twenty 
fom houis The sun will appeal on the hou/on at the date of the venial 
equinox (in fact, about tin ee days befoie, on account of lofiaotion), mul 
slowly wind upwaid m the sky until it icachcs its maximum elevation of 
2d]° on Juno 21 Then it will letiaco Us comso until a day oi two alter 
the autumnal equinox, when it sinks out of sight 

At points between the noith pole and the polai ciiole the sun will appeal 
above tlio hon/on cailiei in the ycai than Maich 20, and will mo and sut 
daily until its decimation becomes equal to the obsoivcds distance fiom llie 
pole, whon it will make a complete cncmt of the heavens, touching tlio lioi I- 
von at midnight at tho noitheui point; and after that never sotting again 
until it leaches the same declination m its southwaul com so afloi passing 
the solstice Fiona that time it will again use and set daily until it lynches 
a Mnitliein declination just equal to the obseivei’s polai distance, when the 
long night begins, to continue until the sun, having passed tho southern 
solstice, letmns again to the same decimation at which it mado its appeal 
mice m tho apt mg At the polai cnclo itsolt (oi, moio stuctly speaking, 
owing to lefuiotion, about one-half a degiee south of it) tlm 14 midniqhi bun n 
will be soon on just one day m the yeai, tho day of tho summei solstice; 
and theio will also be one absolutely sunless day, vU , tho day of tho wintcu 
solstice The same lamaihs apply m tho southern hemispheio, by making 
the obvious changes 

19!l, Effeots on Temperature, — The changes in the clnmlion of 
u insolation * f (exposmo to sunshine) at any place involve changes 
of tempcrafcme and other climatic conditions, thus pioducing the sea¬ 
sons. Taking ns a stmidaulthe amount of heat lecoivcd in twenty-fom 
horns on the day of the equinox, it is clear that tho surface of tlio 
soil at auy place m the uoi them hemisphere will lcceivo more than 
tins average amount of heat whenever the sun is uorlh of the celestial 
eqimtoi, for two reasons, 

1 Sunshine lasts moie than half the day. 

2* The Tnectn elevation of the sun duiing the day is greater than 
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when it 1 b at tho equinoxes, sinco it Is higher nt noon, fuid in any 
case reaches tho horizon at rising and setting. Now, tho moro obliquely 
'the rays strike, the less heat they bring to each square inch of surface, 
as Is obvious from Fig. 02. A beam of sunshine having tho cross' 
section ABGD, wlion it strikes the 
surface at nu angle h (equal to the 
Binds altitude) Is spread over a much 
larger surface, Ac, and of course 
the amount of heat per square inch 
ie proportionately reduced. If Q 
Is tho amount of heat per square 
inoli brought by tho ray when fall¬ 
ing perpendicularly, ns on the sur¬ 
face AC , thou on Ac the amount 
per square inch will bo Q X sin h t 
since AB = Ab X sin A. This difference In favor of tho moro nearly 
vertical rays is exaggerated by tho absorption of heat in tho ntmo- 
sphere, bceaiiso rays that arc nearly horizontal have to travorso a 
muoh greater thickness of air beforo reaching tho ground. 

For those two roasons, nt a place In tho northern hemisphere, tho 
temperature rises rapidly as tho sun comos north of the equator, thus 
giving us our summer. 



Fiq. 53, 

KlToai of Sun'a Jilevnllon on Ainounl 
of IleH ImpnrUMl to llto Soil, 


-193, Time of Highest Temperature. — We, of course, reoolvo tho, 
most heat per diem at tho tlmo of tho summer solstice; but this is 
not tho hottest timo of tho summer, for the obvious roason that tha 
weather Is then all the time getting holler } and tho maximum will not 
be reached until the Increase mixes; that Is, not until the amount of 

heal lost in the night equals that stored up by day, 

*■ 

Tf tlio earth's surface throw off the same amount of honfc hourly whether 
it wore hot or cold, then tills maximum would not como until the autumnal 
equinox. This, however, is not tho case, Tlio soil loses liont fan tor when 
warm Ilian it docs when cold, tho loss being noarly proportional to tho difr 
feronco botwcou the tomperatum of tho soil and that of surrounding spaco; 
(Newton's law of cooling); and so tlto tlmo of the maximum Is made to 
oome not far from tho oml of .Tidy, or tho first of August, In our latitude. 
For similar reasons tlio minimum temperature of winter ocomu about Fob. 
l r about half-way botwoon the so Mica and tlio vornal equinox. Sinoo, liow- 
over, our weather is nob ontlroly “made ou tho spot svhoro It is iiBed,” but 
is affected by winds and ourronts that coma from great distances, tlio actual 
tiino of tlio maximum temperature cannot bo dolormhiod by any more astro¬ 
nomical eonHideriUlons, bub varies comddumbly from year to year. 
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194. Difference between Seasons in Northern and Southern Hemi¬ 
spheres.— Since in December the distance of tho earth from the min 
is about three per cent less than it is in June, tho earth (as a whole) 
receives hourly about six per cent more heat in December limn in 
June, the heat varying inversely as the n(jnare of tho <1 inhume. Km 
this reason the southern summer, which occurs in Dooumhor mid 
January, is hotter than the northern. It is, however, seven day* 
shorter , because the earth moves more rapidly in that purl; of il* 
orbit. The total amount of heat per acre, therefore, received during 
the summer is sensibly the same in each hemisphere, Die slmrt iiesH 
of the southern summer making up for its increased warmth. 

195. The southern winter, however, is both longer and colder I-him 11m 
northern; and it has been vigorously maintained by certain goolnKiid*, 
that, on the whole, the mean annual temperature of the hmiimplmrn whudi 
has its winter at tho time when the earth is in aphelion \h lower Hum Dint 
of the opposite one. It has been attempted to account for tliu gli until npoidm 
in this way. It is certain that at present, at any place in Dm hou thorn hem¬ 
isphere, tho difference between the maximum tmnporutuvo of Huinninr mid 
the minimum of winter must be greater than in tho emso of a station in llm 
northern hemisphere, similarly situated as to elevation, oto. Wo my “nt 
present because, on account of certain slow changes in tho mirth orbit, in 
he spoken of immediately, the state of things will bo reversed in about ion 
thousand years, the northern summor being thou tho hotter and shorter our, 

196. Secular Changes in the Orbit of the Earth. — Thu orbit of 
the earth is not absolutely unchangeable in form or position, UioiHi 
it is so in the long nm as regards the length of it it major axis mid tho 
duration of the year. 


197. 1. Change in Obliquity of the Ecliptic. — The oallptto kIIiHiUv 
Z ,17 j 8 0 "’ 1 ! !! nftS itS poaiti011 m,,on g tll(1 fitiii'H, thus Hi I <4-1 
uatof K ? °h , , 8tm a ' 1Cl th ° ft ”e l0 bctw « ei ‘ tho odlplU, iuhI 

~ «• 'SrSL% i 

auitv h, 99i° . 15,000 y fi(U8 > I'cdueii^ ttm ohll- 

according foj Hmchlr ‘ b ° giU t0 inoraiSGl TI 'o wholo dnuiffu, 
of the mem ' * ’ can never exceed about 1° 20' < m «. a . !i s],l ( . 


s«?rrsss rr z ms, 
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According to Loverrfer, it will continuo to decroaso for about 24,000 
yoars, tin til it becomes 0,00;!, and tho orbit will bo almost circu¬ 
lar, Then it will inorooso again for 40,000 yoara, until It becomes 
0 . 02 , 

In this way tho eccentricity will osolllato backwards and forwards, always, 
however, remaining between zero anti 0,07 j but the oscillations uto not 
equal either in amount or time, and so cannot properly lie compared to tho 
«vibrations of a mighty pendulum,” whioh is rather a favorite figuro of 
speech, 

100. 8. liQVolntion of ilia Apsides of the Earth's Orbit . —Tho lino 

of upsides of tho orbit, which now stretches in both directions toward* 
tho constellations of Sagittarius and Gemini, Is also slowly and 
steadily moving eastward, and at a rate which will carry it around 
tho circle in about 108,000 years, 

200. Those so-called .sec?i7a?* > ' changes arc duo to tho action of 
the other planets upon tho earth. Wore it not for their attraction, tho 
earth would keep hor orbit with reference to tho sun strictly unaltered 
fYom ago to ago, except that possibly Id the oourso of millions of 
yoars tho olfccts of falling meteoric matter and tho attraction of tho 
poarer fixed stars might niako themselves felt* 

‘ Besides thoso seaular perturbations of tho earth’s orbit, tho earth itsolf is 
continually being slightly disturbed in its orbit, On aooount of its con- 
noctiomvlth the moon, it oscillates each month a fowliiindrod miles ahovo and 
bolow tho truo piano of the acllptio, mid by tho action of tho other planets it is 
sometimes sot forwards or backwards to tho extent of a few thousand milos. 
Of course every such change produces a corresponding slight change in tho 
apparent position of tho sun. 

201, Equation of Time. — Wo have stated a fow pngoe baok 
(Art, 111), that tho interval between tho successive passages of the 
aim across tho meridian is somewhat variable, and that for this 
reason npparonfc solar, or aim-dial, days are unequal, On this aa- 
coimt moan time 1ms boon adopted, whioh Is kept by a “fictitious ” 
or “mean” sun moving uniformly In the'equator at tho same 
avorago rate m that of tho real sun in tho oollptlo. The hour- 
anglo of this moan sun is, as has boon already explained} the 
local mean time (or clock time); while tho hour-angle of the 
real sun is Hie apparent or sun-dial time. ’The Equation of Time 
Is the (lilTorcnou betwoon theso two timos, reckoned na when 
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the sun-dial is slower tlmn the clock, and minus when it is faster, It 
is the correction which must he added (algebraically) to apparent limit 
in order to gel mean time. As it is the difference between the two 
hour-angles, it may also be defined as the difference between the 
right ascensions of the mean sun and the true sun; or ns a formula 
we may write: E = a t —a,,„ in which a„ is the right itsoennion of Urn 
mean sun, and a, of the true sun. 

The principal causes of this difference are two: 


302. 1. The Variable Motion of the Sun in the Ediplta , due to the 
Eccentricity of the Earth's Orbit. — Near perihelion, which occurs 
about Dec, 31, the sun’s motion in longitude is most rapid. Ac¬ 
cordingly, at this time the apparent solar day's exceed the Hide real 
by more than the average amount, making the sun-dinl days longer 
than the mean. (The average solar day, it will bo remembered, is il"‘ fill* 
longer than the sidereal.) The sun-dial will therefore lr»so time nl. 
this season, and will continue to do bo for about throe months, unlit 
the angular motion of the sun falls to its mean vnluo. Then it will 
gain until aphelion, when, if the clock and the smi were stalled 
together at perihelion, they will once more lie together. During 
the next half of the year the action will bo reversed. Thus, twice 
a year, so far as the eccentricity of the earth’s orbit is concerned, 
the clock and sun would be together at perihelion and aphelion, 

!, 10 Mf ; wa .V between they would differ by about eight minutes; 
ie equation of time (so far as duo to this cause only) being-I-H 
minutes m the spring, and - 8 minutes in the autumn. 


203, 2. The Inclination of the 
Ecliptic to the Equator. — Kveti if 
tiie sun's {apparent) motion iulmujo 
lude (i.e., along the ecliptic) were 
uniform, its motion in right ancon- 
si°n would be vn Habits. \ f the trim 
and fictitious suns started together 
at tUo equinox, they would indeed 
be together at the solsLlces mid at 
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Kfftci Of Obliquity of Ecltpilo In producing ,1° ° tllW e Q'd»OX, bcOflUSe It l« |llHt 

wwaiionof Time. 180° from equinox to equinox, mid 

between them. But at intennediat? m*?™? I™ ° X,l0tly 
mid solstices, they would not be t P l ? na ' het ' VU011 tbe equinoxes 
5 not be together on the same hour-circle. 
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This la best booh by taking a celestial globe uiict marking on the eclip¬ 
tic a point, m, half-way between tho vonml equinox and the solstice, 
mid also marking ft point n on the equator^ dfi° from Lho equinox* It 
will at once be soon that the Ionian’ [loint, m in Fig, G8, 1 la west ofjj, 
so that m In Lho daily westward motion of the sky will come to Lho 
meridian first; in other words, when tins sun in half-way bctwcon 
* tlio vernal equinox and the summer solstice, Lho unn-dlal la faster 
than the dock, and the equation of time la mimut. Tho difference, 
measured by the mo Wn, amounts to Hourly ton minutes; and of 
comae lho same thing holds, mtlatix mutandis, for tho other quad- 
rants* 

204, Combination of tho Effects of the Two Oauaefl.—Wooun rep¬ 
resent graphically those two components of tho equation of time and 
tho result of their combination us follows (Fig* 01) : — 

The central horizontal lino Is a scale of duton one year long, the 
Lottors denoting the beginning of each month. Tho dotted curve 



allows the equation of Lime due to tho cccQntrwiljf of tho earth’s orbit, 
iibovo considered. Starting at perihelion on Deo, 31, this com¬ 
ponent is them zero, rising from there to a value of about + ft nl on 
April 2| lulling Lo zero on Juno 30, and rcnohlng a second maximum 
of — 8 ,n on Oct. 1. In tho same way the broken-line eurvo denotes 
tho ofTeot of tlio obliquity of (he ecliptic, which, -by itself alone 
eoiiHlclorcd, would produce an equation of time having four maxima 
of, approximately, 10'" cm eh, about tho 0th of February, May, 

1 Fitf. (13 ruprcHenlH a eohiatln] jjloho vlvwuii from llm n^st «Uk l , tlio axis bolnu 
rorMenl, nml A", die pole of thn eollplie.on tho iticrhllini, while A 1 )e die vernal 
uquinoY. 
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August, mid November (alternately + r hcI *"*) ♦ ll, *d redlining zoic 
at the equinoxes and solstices. 

The full-lined curve represents their combined effect* end in con¬ 
structed by making its ordinate at each point equal to 1.1 10 buiii 
( algebraic) of the ordinates of the two other curves. At ttio Int of 
February, for instance, the distance F , 8, in the figure ;= F, i + 1*\ 2. 
So, alsoi jlf, 6 = AT, 4 + ilf, 5 ; the components, however. In Huh vam 
have opposite signs, so that the difference is actually taken* 

The equation of time is zero four times a year, viz. i oil April 18, 
June 14, Sept 1, and Dee. 24* The* maxima are February 1.1,+ 
14 m 32 s j May 14, — 3 m 55 a ; July 26, + G ,n 12% and Nov* 2,— UV" IK'. 
But the dates and amounts vary slightly from year to year. 

The two causes above discussed are only the principal ones elTeotlvn in 
producing the equation of time; Every perturbation suffered by llm rurlli 
comes in with its own effect; but all other causes combined never til I or I ho 
equation by more than a few seconds. 


205. Precession of the Equinoxes. — The length of year wm 
found in two ways by the ancients : — 

1. By the gnomon, which gives the time of thu equinox iliuI ho)* 
stice; aud 

2. By observing the position of the sun with refuruntm to tins 
stars, —their rising and setting at sunrise or sunset* 

Comparing the results of observations made by these two moMiodu 
at long intervals, Hipparchus (120 me.) found that the two do lint 


agree; the former year (from equinox to equinox) being 20 nl 28 1 
shorter than the other (according to modern data). Tho equinox 
is plainly moving weshoard on the ecliptic, us if it advanced in 
meet the sun on each annual return* Ho therefore called tho motion 
the "precession” of the equinoxes* 

Oil comparing the latitudes of the stars in the thno of tho uuoit'iil 
astronomers with the present latitudes, wo find that they Imvo 
changed very slightly indeed; and we know therefore tlmt tlm elliptic 
and the plane of the earth’s orbit maintains its position ammlhlv 
unaltered. On the other baud, the longitudeo of tho stars Imvo boon 
ou'ul to increase regularly at the rate of about 00". 2 annually, ~ 
nlly 30 m the last 2000 years. Since longitudes am mikomul 
‘T T ,U “ (the Intersection between tho ecliptic mid oquu- 

no i’o^fm IT l CCh f° Cl ° ea UOt m0ve > ifc i9 «vWc«t that the 

wu 116 CdeShal eqmtor > nn<1 accordingly wo fliul Uml 

amm0nand tlie of the stars «vo const,, mly 



rilKl-KSHlON. 


1!IH 

208, Motion of tho Polo of tlio Equator around tho Polo of the 
Eoliptio. — Tho obliquity of llm ecliptic, which equals tlio dluiaiico In 
the sky between Llio polo of tho equator mul tho polo of tho ecliptic 
(Art* 178), lmn ronmlnod Hourly constant. ITuiico tlio polo of tho 
equator must bo describing a circle around tlio polo of tlio oullptlo In u 
period of about 2/1,800 years (;mn° divided by fiO M .2). Tho polo of 
tlio ooliptlo him remained pmrllmdly fixed unions tlio stars, but tho 
other polo linn changed ils position materially. At present tlm polo 
fitnr 1s about 1|° from tlio polo. At tlio Limn of tho atiu* catalogue of 
Hipparchus it was 12° distant from it, and during tho next century 
It will approach to within about;!()', after winch it will recede. 

207. If upon aoalestlnl gloho wo take tlio polo of tlio ooliptlo nn a coir 
tra, anil dewirllu) „uboiit It a circle with a radius of wo ahull got tlio 
trade of tho celestial polo unnmg thn a turn, mul shall Mud that tho civolo 
pusses very m*ur tho star a Lynn, on thn opposite! side of llm polo of tho 
ooliptlo from Mm present, polo alar. About 12,000 years lumen a hyriu 
will 1m Min pole slur. Kcclconhig backwards, wo find Limb scino 4000 
years ago a llriiumiiM wits Mm polo slur| ami It is u curious alvcumslanno 
Limb ccrluln of Mio Imimds In llm pyramids id Egypt fium exactly to tho 
north, and slope at such an iuolliml Jmi that this slur at its haver eulmhmMon 
would have linen visible from their lowin’ mul at the dale when llm pyramids 
nn> supposed to have been built, Tfc Is probable that Miami passages were 
arranged to bo used for the purpose of observing the trim sits of lludr limn 
polo nlur. 

208. Effoot of ProoosBlou upon tlio Signs of tlio Zodiao. — Another 
olVout of precession 1 h that tho ait;us of ( ho zed bio do not imw agree with tho 
comldlaiUmn wllicit bear tlm kiuiio name, Tho sign of Aides Is now in tlio 
ooiiHtelhitlon of Pi hoc h \ mid an on, oauh sign having “bunked,” eo to speak, 
into tho cmi&tollultoii west of It. 

200, Physical Oaueo of Prooosslon, — Tho phjniatl cawm of this 
Blow conical rotation of tho mirth’s axis around the pole of llio eclip¬ 
tic lies in tlm two facts that thn twill in not vmvltij nphtivimly and tliiii 
the altractionn of thn Huntutd mt)tm x ad tiponlhn equatorial vlny of mol’ 
hr whidi pmjV'Hn ttbova tho Into Hphm } tandimj to th'tuo (ho phuiv. of Ifni 
equator in in mhnuitnnro with thn piano of Hid mUplh by their greater 
attraction on tho inmrnr portions of llio ring. Tlio action in Just wlmb 
it would bo if a wpliuroidul ball of iron of tlm shape of the mirth luul 


1 'Tlio p/awts, by lludr notion n[inn llm plane of llm tinrlldn nrhll (Art, 107), 
slightly disturb (he equinox in lht\ vppmlr ilinottm, This oltcd iiiiioiinlx (» about 
0"JO annually, 
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a magnet, biought ueai it The magnet, as illustrated in 
would tend to cli aw Die plane of the equator into Dm line OM joining its 
pole with the centre ot the globe, because it attracts the nouici portion 
of the equatorial piotubeiance at B moiostrongly than the remoter at 
Q, If it were not (oi the earth’s rotation, this attiactiou would hung the 
two planes of the ecliptic and equator togothei j but since the eaith is 
spinning on its axis, we get the same result that wo do mill the whirl¬ 
ing wheel of a gvioscope hv hanging a weight at ono end of the aws 
W e then have the result of the combination of two 
rotations at right angles with each other, one tho 
whnl of the wheel, the othoi tho “tip” which the 
weight tends to give the avis (See BmckoU’s Phys¬ 
ics, pp 53-56.) 
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Precmlon lllustmtcd by tlio Gyioscopo 


S10 In this case, if the wheel of the gyroscope is turning swiftly 
clock-wise > ns seen tiom above (Fig GO), the weight at tho (lowei) 
end of the axis will make the avis move slowly around, couiitv-clock- 
ime, without at all changing its inclination If we regaid i-ho hori¬ 
zontal plane passing thiough the gyioscope as icpiesenting the eclip¬ 
tic, artel the point in the ceiling veitically above the gyioscopc as the 
pole of the ecliptic, the line of the axis of the wheel pioducccl up¬ 
ward would describe ou the ceihug a cueio aiound this imaginaiy 
ecliptic pole, uctmg piccisely as does the polo of the eaith’s avis m 
the sky The swiftei the wheel’s location, the slower would be this 
a piecessional ” motion of its axis; and of course, the rate of motion 
also depends upon the magnitude of the suspended weight. 


211* A full treatment of the subject would be too complicated foi oin 
pages An elemetitaiy notion of tho way tho action takes place, collect os 
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Tar as it goes, is easily obtained by reference to Fig. 07. Let X Y be tlio axis of 
iho gyroscope, the wheel being soon in scotion edge-wise, and tho eyo being 

tlio same level as tlio centra of the wheel; tlio wheel turning so that tho 
point B is coming towards the observer. Now, suppose a weight hung on 
tho lower end of the axis. If tlio wheel 
wore not turning, the point B would 
oomo to some point F in the eaiMo time 
it now takes to roach C (that is, after a 
quarter of a revolution), By combina- — 
tion of the two motions it will come to a 
point K at tlio end of tho sumo time, 
having Grossed tho horizontal plane AD 
at L ; and this aan bo effected oniy by 
a bnclcwftrd “skewing around” of the 
whole wheel, axis and all. Tills does not, 
of course, oxplaiirwliy tlio inclination of ^ 
tho axis does nob change under the action 

the woight, bub is only a very partial illustration, showing merely why 
the piano of tho wheel regrossos, A complete diecussion would requlro the 
consideration of the motion of every point on tho wheel by a thorough find 
difficult analytical troatmont, in order to giyo the complote explanation of 
the Toason why tho depressing woight, however heavy, does not cause the end 

tlio axis to fall perceptibly. (See article, <f Gyroscope, 1 ' in JohiiBou’a 
Cyclopaedia,) 

212. Why Precession is so Slow. — The slowness of the preces¬ 
sion depends on three tilings: (a) the enormous 44 moment of rota¬ 
tion ”of the earth — a point on tho equator moves with the speed of a 
cannon ball; ( b ) tlio smalluoss of the mass (compared with that of 
tho whole earth) of the protuberant ring to which procession Is duo; 
and (c) the minuteness of the force which tends to bring this ring Into 
coincidence with the eoliptio, a force which is not constant and per- . 
si stent, llko tlio weight liuug on the gyroscope axis, but very variable. 

213. The Equation of the Equinox. — Whenever the sun is hi the 
plane of tlio equator (whi jh is twice a year, at the time of the equinoxos), the 
itm’fl precessionol foroe disappears ontively, its attraction then having no 
tendency to draw the equator out of its position. The moon's action, on ac¬ 
count of her proximity, is Btill more power!ul than that of the sun; oil the 
average two and a half times as great. Now, the moon orosses the celestial 
equator twice every month, and at those times her action ceases. 

Tliere is still another cause for variation in tho effectiveness of the moon's 
attraction. As we shall see hereafter, she does not move in the eoliptio, but 
in n, path which outs the ecliptic at an angle of about 5°, at two points called 
tho Nodes; the ascending node being the point where she orosses the eoliptio 
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from south to north. These nodes move westward on the ecliptic (Art, 'IfuTh 
making tho circuit once in about nineteen years, Now, when the ascending 
node of tho moon's orbit is at B (Fig, 08), near tho autumnal equinox b\ ils 

inclination to the equator will 
be, as tlio figure shown, lot* 
than tho obliquity of the cuIIjm 
tic by about 5°; it will 
Fru.os. be only about 18°. On llm 

Variation in iHo incliunOon of Aioon’s OrbH to Equator, other hand, nine and a half 

years later, when tho node Inis 
backed around to a point A f near the vernal equinox, the inclination of tho 
moon's orbit to the equator will be nearly 28°, When the node is in thin 
position, the moon will produce nearly twice as much processional move¬ 
ment each impith as when bile node was at 

Ihe precession, therefore, is not uniform, but variable, almost ceasing at 
some times and at others becoming rapid. The aver ago amount, as bus 
been stated, is 50",2 a year; and the variation is taken account of in what 
is called the equation of the equinox^ winch i*s the difference between tho 
actual position of tho equinox at any time and tho position it would lmvo ut 
that moment if the precession had been all the time going on uniformly* 

214, Nutation. — Not only does the processional force vary in 
amount at different times, but iii most positions of the disturbing 
body with respect to the earth's equator there is a du/ht thivurtwiav 
component oj the force , tending directly to accelerate or retard the pro¬ 
cessional movement of the pole — just ns if one should gently draw 
the weight W (Fig. 66) horizontally. The consequence is whuL 
is called Nutation or ** nodding ; 9i The axis of tho oarth, instead of 
moving smoothly in a circle, nods in and out a little with respect to 
the pole oi the ecliptic, describing a wavy curve resembling that 
shown in ldg, 69, but with nearly 1400 indentations in the entire cir¬ 
cumference traversed in 26,000 years. 

215. We distinguish three of these nutations, («) The Lunar Nutation, 
depending upon the motion of the moon's nodes, 

This has a period of a little less than nineteen 
years, and amounts to 9".2, ( b ) The Solar JSfuta* 
lion> due to the changing declination of the sun, 

Its period is a year, and its amount 1".2, (c) The 
Monthly Nutation, precisely like the solar nutation, 
except that it is due to the moon*8 changes of dec¬ 
lination during the month. It is, however, too 
small to be certainly measured, not exceeding one- 
tenth of a second. 




Fig. 09,—Nutation, 
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Nutation was do tooted by Bradley In 17128, but not fully oxplainod until 
17-18, 

Neither preotmiun nor nutation affects the latitudes qf the star*, since they 
are ml due to any change in the position of the ecliptic , but only to displacements 
of the earth's axis. The longitudes (done are changed by them . 

The right ascension and declination of u star nro Loti) iiffootod. 

210. The Three Kinds of Year. — In consequence of tlio motion 
of tlio equinoxes ciuihgcI by precession, the sidereal year and the 
equinoctial or u tropical n year do not agree in length. Although the 
sldoreal year Is the ono which represents the earth’s true orbital revo¬ 
lution around tlio sun, it Is not used us the year of chronology and 
the calendar, because tlio seasons depond on the Him’s place in rela¬ 
tion to the equinoxes. Tho tropical year is the year usually employed, 
unless it is expressly stated to the contrary. The length of the 
Sidereal year is .‘KhV 1 0 h U in i)*; tlmt of tho Tropical year is about 
20 m less, 8Gb d 5 1 ' 48 m d(i N . 

Tho third kind of year is'the anomalistic year, which is tlio time 
from periliolion to perihelion again. As the line of apsides of the 
earth's orbit moves always slowly towards the east, this year is alittU, 
longer than the sidereal. Its length is 8(hV l (V 1 i:i m 48V 

217. The Calendar. — 'rim natural units of timo are the day, the 
month) and the year. Tlio day, howover, is too short for convenient 
use in designating extended periods of time, as for instance in 
expressing the ago of a man. Tlio month moots with tlio same 
objection, and for all ohm nolog leal purposes, therefore, the year is 
the unit practically employed. In ancient times, however, so much 
vogard was paid to tho month, and so many of the religious beliefs 
and observances connected themselves with tho times of the new and 
full moon, tlmt tho early history of tlio calendar is largoly made up 
of attempts to (It the month to the year In somo convenient way. 
Since the two are incommensurable, tho problem is a very ditllculfc, 
and indeed strictly speaking, an impossible, one. 

In tho earl lost times matters scorn to have been wholly in tho hands 
of tho priesthood, and the caloiular then was predominantly lunar, 
with months and days Intercalated from timo to timo to koop tho 
seasons in place. Tho Mohammedans still ubo a purely lunar calen¬ 
dar, having a year of twelve lunar months, and containing alternately 
854 and 855 days. In their reckoning tho seasons fall, of oourso, 
continually in different months, and tlioir calendar gains about ono 
year In thirty-three upou the reckoning of Christian nations. 
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218. The Metonio Oyole. — Among the Giccks tho discovery of 
the so goIM Umai oi Metouic cycle In Moton, about 433 im' m con- 
sicleiably simplified matters Tills cycle consists of 230 synodic 
months (fiom new moon to new again), which is very appioxmmUdy 
equal to 19 common yeais of 365£ days 

235 months equal 90d9 rt 10 h 31 ,IJ 19 fciopical yonib equal 09 W* M* 1 27“ 
so that at the end of the 19 yeais, the now and full moon locur again on the 
same days oi the veai> and at the same time of day Within about two 
horns The calewkn of tho phases of tho moon, ioi instance, fot 18HII is I he 
same as foi 1870 and 1908 (except that lutei veiling Icap-ycais may rhniign 
the dates by one dav)* 

The “ Golden numlw ” ot a yeai is Us muubat m tins Metonic oyelo, iMitl 
is found by adding 1 to tho “ clatemumbm ” of iho yeai aud dividing b> 19- 
Theiemaimlei, unless iqiS, is the “golden mimboi ” (if it comes out /mo, 19 
is taken instead). Thus the golden mmiboi foi 1888 is iound by dividing 
1889 by 10, and the lenuuudei 9, is tho golden munboi of tho yeal 
Tins cycle is still employed iw tho ecclesiastical civlendai m finding thu 
tune of Eastei 

Foi fiuthei infoinmtion on tho stihjut, consult Johnson's Kneyolopu dto, or Sir 
Edmund Bericot's “ Astionomy without Mathematics ” 

219. Julian Calendar —Until the tuna of Julius Crosur tho Roman 
calendar seems to have been based upon the Uiutu year of twolvu 
mouths, oi 855 days, and was substantially like the modern Mohamme¬ 
dan caleudai, with aibitiaiy lutei eolations of moutha and days made by 
the pnesthoocl and magistrates fiom time to time in outer to biing it 
into aecoidance with the seasons. In the later days of tho Republic, 
the confusion had become mtoleiablc. Cmsnr, with the help of the its- 
ftiouomct Sosigenes, whom he called from Alexandua for tho purpose, 
leformed the system m the yeai 45 n c , mtioduemg the so-cnllcd 
“Julian calendar,” which is still used either m its ongiual shape or 
with a veiy slight modification. Ho gave up entirely the attempt to oo~ 
ouliwito the month with the y ear, and adopting 365 days as tho true 
length of the tiopical yem, he oi darned that eveiy fourth ycai should 
contain an extia day, the swth day befoiathe Kalends of March on that 
yeat being counted twice y whence the year was called u bissextile 11 
Bcfoic his time fclie year had begun ui March (as indicated by the 
Roman names of the months, — September, seventh month, October, 
eighth month, etc ), but he oidered it to begiu on tho 1st of Janiiaiy, 
which \tk that year (45 bo) was on the day of the now moon next foi* 
lowing the winter solstice In mtioclucmg the change it was necessary 
to mftKe the preceding year 445 days long, and it is still known in 
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the fin mild as “ tho year of confusion. ” IIo atoo altered the uamo of 
the month Qulnfcllis, calling it “ July ” after himself. 

There was somo irregularity in tho bissextile yearn for ft fow years after. 
Cjosar'a death, from a mi Blinder standing of his rule for tho htloroalary rhiy; 
but hia successor Augustus remedied that, and to put liimsolf on tho sumo 
level with his predecessor, ho took possession of tho month Soxtllis, calling 
it ,f August”; and to-make its length ns groat as that of July, ho robbed 
February of a day. 

From that fclmo on, tho Julian calendar con 111 mod mibrokouly In uso until 
1582; and it Is still tho calendar of lluH&iii and of tho Greek Cfiuroli. 

320. The Gregorian Calendar. —The Julian calendar to not quite 
correct* The true length of tho tropical year in 80/5 days 5 hours 
48 mlautos and 40 seconds, and this loavoe a dlfTeionco of 11 minutes 
and 14 eocondfl by which tlio Julian calendar yonr is tho longer, being 
exactly SOflj: days. As a conscquouoe, tho date of the equinox conics 
gradually carlior mid oarlior by about three days In 400 years. 
(400X 14 ,U «=44G7 minutes = 3** 2 U 27 ru .) In the year 1582, tho 
date of tlio vernal equinox had iallon back 10 days to tho lltli of 
jtfaroh, instead of occurring on tho 21st of Mnroli, as at tho tlmo of 
tho Counoil at Nleo, 825 a,i>. Pope Grogory, therefore, acting imdor 
tho advleo of the Josult astronomer, Clavlus, ordered that the flay 
following Oct. 4 in tho year 1582 should bn culled not tho 5th, but 
tho 15th, and that the min for lcnp-ycar should bn slightly oliangod 
so os to prevent any such future displacement of the equinox* Tim 
rule now stands ; All years whose date-number is divisible by four 
without a remainder are leap -years, unless they are century years (1700, 
1800, etc.). The century years arc not leap-years unless their clatc- 
numbor is divisible by 400, in which cam they are: that ts, 1700, 1800, 
and 1900 are not loap years; but 1(300, 2000, and 2400 are. 

221. Adoption of the New Calendar.—The change was Imme¬ 
diately adopted by all Catholic nations ; hut tho Groelc Church and 
most of tho Protestant nations, rejecting tho Pope's authority, de¬ 
clined to accept llio corrootlon. In Knglaud It was at lust adopted 
In the year 1752, at which timo there was a dlllbroneo of eleven days 
between tho two calendars. (Tho year 1C00 wan a leap-year accord¬ 
ing to the Grogorinn system as well ns fclvo Julian, but 1700 was not.) 
Parliament in 1761 enacted that the day following tho 2d of Septem¬ 
ber, in tho year 1752, should bo called the 14Hi instead of Llio 3d; 
and alao that this year (1762), and all subsequent yoal'H, should be¬ 
gin on tho 11 ret of January. 
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Tho change was made under very great oppoHiliou, mid (here worn violent 
riots in consequence in different parts of tho country, impoehilly nt Ih mlid, 
where several persons were killed. Tho cry of tlio populace was, “(the n* 
hack our fortnight,” for they supposed they had been robbed of ohmm day*** 
although the act of Parliament was carefully framed U> prevent; any 
tice in tho collection of interest, payment of routs, ole. 

At present, since the year 1800 was not ft leap-year according hi the 
Gregovhu calendar, while it was so according to tho Julian, tlm ctilTmcii* ^ 
between the two calendars amounts to twelve days; thus in Hush in Urn I Will 
of August would bo reckoned as tho 7th. In Russia, however, for mmmthm 
and commercial purposes both dates aro very go nor ally used, so (hub the dut<» 
mentioned would be written Aug. 1 V When Alaska wiih unnoxml tn tln> 
United States, Us calendar had to be altered by ofoven days. (Sea Art. 1 V JT) 


222. The Beginning of the Year.-—Tho beginning of tho year lur* 
been at several different dates in tho different countries of Europe. Sun Mo¬ 
have regarded it as beginning at Christmas, the 25th of Puimmlmv; uUu*v<s 
on the 1st of January; others still, on tho 1st of March; other*, on l)m 

25th; and others still, at Easter, which may fall on any day botwi. the 

22d of March and the 25fcb of April. 

In England previous to the year 171)2 the legal year eonuimmuMl on ihe 
A5th of March, so that when the change was made, flic year 1751 licoussuvUv 
lost its months of January and February, and tho first twcmtyJmir day* ni 
ilaiclu Many were slow to adopt this change, and it Imeomua tiecmamiry. 
therefore, to use considerable care with respect to English dates which <umm 
in the months of January, February, or March about that period, 'no- 
mouth of February, 1755, for instance, would by .some writers bn vtmkniwd 
as occurring in 1754. Confusion is best avoided by writing, Feb, J JO J. 


223. First and Last Days of the Year,—Siuuo Urn ordinary nival 
year consists of 805 days, which is 52 weeks ami one day, Urn hsh t lay h f 
each common year falls on the same day as tho first; so tlmt any given driji* 
- nu ay m the ' veek ttmn il] m 011 the .precoding ymiv, unless 

“ 0 ,.^ b ™ ar £ r aS mtervenod > il1 ' vllicl » case it will bo two days liih-r- 

■u A 1 01 JftnUfll ‘y» 188 *b falls on Thursday, the same date in I HIM 
will fall on Friday. 


no?S OII A b 7c£ c n ,' ^in 1 ! 0 " 8 ! 1 , 1,1 stl ' lotMSS 1,10 UiKcuHHlou „t alwmiUcm 
bo considered here. ? * l noco3sio| i and miiritioii, it may ju'opoHy in.«li 

natn 'TZilrl “TvT dis ? lacemnt °/« *»> clue to Ike combi- 
nation of the motion of light with the motion of the observer 

uoiua on it the earth wove at re»fc» It 
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lies beyond our scope to show tlmt according to the wave theory of 
light Dio apparent direction of a my will be affected by tho obaorvor’s 
motion precisely in tho samo way (within very narrow limits) as It 
would be if light consisted of corpuscles shot off from a luminous 
body, as Newton Riipposcd. This 
is tho case, however, ns Doppler 
and others Imvo shown; ami as¬ 
suming It, tho oxplanafclon of 
aberration Is easy : —■ 

Suppose tin observer standing 
at rest with a tubo in hie hand In 
a shower of rain where the drops 
avo falling vertically- If ho wishes 
to have tho drops descend axially 
through tho tubo without touching 
thO sides, llQ must of course koop h'j**. 70.— AliorruUnii uf u liulmlroji, 

it vertical; but if ho advances in 

any direction, lie must draw back tho bottom of tho tubo by an 
amount which equals the advance lie makes in the timo whllo the 
drop 1b falling through tho tube, ro that when tho drop falling from 
B roaches A\ tho bottom of tho tubo will be tliora also ; i,eha must 
incline the tube forward by an anylo «, moh that tnna=?t-f- F, 
where Fis tho velocity of tho raindrop and u that of Ills own motion. 
In Fig. 70 7?/t ; = V and AA'=>v. 

306. Now tako tho moro general onsc. 
Suppose a star sending m light with 11 
velocity V In tho dimotion SP^ Fig, 71, 
winch makes tho angle 0 with tho line of 
tho observer’s motion. Ho himself is 
carried by tho earth’s orbital volocity In 
tho direction Ql\ In pointing the tele¬ 
scope ho that the light may pass exactly 
along its optical axis, he will Imvo tT> 
draw back tho eye-end by an amount 
QP y which just equals the distance* ho is 
carried, by tho earth's motion during tlfe 
time that tho light movos from 0 to P. TI 10 star will thus appar¬ 
ently bo displaced towards tho point towards which ho is moving, 
the anglo of displacement POQ, or a, being determined by the rela¬ 
tive length and direction of the two sides OP and QP of the triangle 
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These sides are respectively proportional to the velocity of 
light, V\ and the orbital velocity*of the earth, «♦ 

The angle at P being 9, the angle OQP will ho (0 — a), and we tilmU 
have from trigonometry the proportion ein a : sin (0 —a) ^ tii K 

To find a from this, develop the second term of the proportion ami iliviita 
the first two terms by sin a, which gives m 

1; sin $ cot a — cos 0 ^ u : V, 
whence u sin 0 cot a = V + « cos 0 , 


and 


cota = 


V + U CQ3 0 
u sin 0 


Taking the reciprocal of this, wo havo 


tftn a =s - 


; sin 0, 


V + « cos 6 

Ihe second term in the denominator is insonsiblo, sinco u is only nhinit ouit 
ten-thousandth of V t so that wc may neglect it. 1 Tills gives the formula In 
the shape in which it ordinarily appears, viz,, 

tan asin ft 

The value of a (denoted by a 0 ) which obtains when 0=\ )f)° mol 
sin 8 = unity, is called the Constant of Aberration, 

The latest, and probably the most accurate, determination of t hin 
constant (derived from tho Pullcoiva Ob- 
sorvatious by Nyrdn In 1882) is 20”..IDS. 

Aberration was disoovored and oxplni.. 

by Bradley, the English Astronomer Kovili, 
in 1726. 

320. The Effect of Aberration upon tho 
Apparent Places of the Stare. —-As tho earth 
moves in an orbit nearly circular, and with 
a velocity so nearly uniform that wo may 
for our present purpose disregard its varia¬ 
tions, it is clear that a star at tho polo of 
tiie ecliptic will bo always displaced by tlio 
same amount of 20»,5, bu t in a direction 

Micliel&on, is 209860 Wlomcters^o'k// 10 determinations of Newcomb uml 
miles). The mean ve.eeTly 0 f £ .ST^ (WWoh **»«“< 180,330 miles , 20 
parallax to he 8”.8, 1* 20.77 kiloinetnw. 'io J 8 ° rWt> if wo n8Suroo the solar 
of aberration 20-1.478, a little smaller ‘ZntZ STj,*£ th ° 
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continually changing. It must, therefore, api^car to deaoribo n 
littlo circle 41" iu diameter during the year, tia shown In Fig. 72. 
FTow the direction of the cnrfclda orbital motion is always in tho piano 
of the ecliptic, and towards tho right hum! ns we stand facing tho 
sun. At tho vernal equinox, therefore, wo uro moving toward the 
point of tho coliptio, which is 90° west of the aim , i.e., towards 
tho wintor solstitial point, and tho star is Limn displaced in that 
direotlon. Three months later tho star will bo displaced in a line 
directed towards the vernal equinox, and so oil. Tho earth, there¬ 
fore, so to speak, drives tho star before it in tho aberrational orbit, 
hooping it just a quarter of a revolution alioad of itself, 

A star on tho ecliptic simply appears to oscillate back and forth in 
a straight lino 41" long. 

Generally, In any latltudo whatever, tho nborrational orbit is an 
ollipso, having its major axis parallel to tho coliptio, and alwayB 
41" long, while its minor axis Is 41" x sin /?, /? being tho star's lati¬ 
tude, or distanco from tho oollptio, 

228*. Diurnal Aberration. — The motion of an observer duo to l-liu 
earth's rotation also produces a slight oifoafc known ns tho diurnal aberration. 
Jts “constant” Is only 0".U1 for an obsorvor situated at tho equatorj any¬ 
where also it is 0 ,# .31 cos <£, being the latitude of the observer. 

For any given star it Is a maximum when tho star Is crossing tho morid- 
‘ inn, and then its whole olTeot is slightly to hwreuse (he right ascension by an 
amount given by tho formula 

Aa~ 0'M)t cos (/> roo 8, 

3 being tho star’s declination. 

Soo Chfluvomit, “ Practical Astronomy, 11 I. p. 0:18. 
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CHAPTER VTT. 

P1IK MOON: HER. ORBITAL MOTION" AND VARIOITfl 7CTNPH Ol'* 
MONTH. — DISTANCE AND DIMENSIONS, MASH, DENSITY" AND 
OH A VTT V.— ROTATION AND LIMUATIONS. —PHASES, —■ MU IIT 
AND HEAT.—PHYSICAL CONDITION AND .TNELITENOKS NX- 
KITTED ON THE EARTH, — TELESCOPIC! ASUKOT. — SITItFAUIO 
AND POSSIBLE CHANGES UPON TIL 

227, Wb pass next to a consideration of our nearest neighbor in 
the celestial spaces, the moon, which is a satellite of the tmrth and 
accompanies us in our annual motion around the sun. Sho is much 
smaller than the earth, ancl compared with most of the other lumv- 
enly bodies, a very insignificant affair; but her proximity makes her 
far more important to iis than any of them except the sun. Tim 
very beginnings of Astronomy seem to have originated in the study 
of her motions and in the different phenomena which she ciuimuh, 
such as the eclipses and tides; and in the development of.modern 
theoretical astronomy the lunar theory with the problems it raimsH 
lias been perhaps the most fertile field of invention ami discovery. 

228. Apparent Motion of the Moon.—Even superficial observa¬ 
tion shows that the moon moves eastward among the star# every 
night, completing her revolution from star to star again in about 27? 4 
days. In other words, she revolves around the earth in that time ; or, 
more strictly speaking, they both revolve about their common contra 
of gravity. I3ut the moon is so much smaller than the earth tlmt 
this centre of gravity is situated within the ball of the earth on tins 
line joining the centres of the two bodies at a point about 11 (HI 
mites below its surface. 

As the moon moves eastward so much faster than the sun* which 
takes a year to complete its circuit, she every now and then, at the 
tunc of the new moon, overtakes and passes the sun ; and m the 
phases of the moon depend upon her position with reference to tho 
sun, tns mteivnl from new moon to new moon is what wo ordinarily 
understand ns the month. 
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828. Sidereal and Synodio Devolutions. — The Sidkrbat. revo¬ 
lution of the moon is the lime occupied in passing from a star 
to the same star again , as tho. nmno implies. It is equal to 
27' 1 7 U 4S‘ n ll’.MC ± O'.Ol, or 27 d .821fi0. The moon’s mean daily 
motion among the stars equals 3G0° divided by this, which is 
13° 11' (nearly). 

'The , Synodio revolution is the interval from new moon to new 
moon again, or from full to full. It varies somewhat on account 
of tlio eccentricity of the moon’s orbit and of that of the earth 
around tlio sun, but Its mean value Is 2!)’ 1 12 h 44 n ’ 2’,G84-±0\01, 
or 29 l1 .58059; and this is the ordinary month. (Tlio word syn¬ 
odic Ib derived from tlio Greek ow and oSds, and has nothing to 
do with the nodes of tlio moon’s orbit. The word is syn-otlic, not 
sy-nodic). 

A synodical revolution is longer than the sidereal, because during 
onoli sldovoal month of 27.3 days tlio sun 1ms advanced among tlio 
stars, and must bo caught up with. 

230. Elongation, Syzygy, eto. — Tlio angular distance of the moon 
from tho sun is called Its Elongation. At new moon it is zero, and 
tlio moon Is then said to ho in 11 Conjunction.' At full moon It is 
180°, anil the moon is then in “ Opposition In either case the 
moon is said to ho In “ Syuygy” (w fryor) ■ When the elongation 
Is 90°, as at tho half-moon, tho moon is In “ Quadrature ” 

231, Determination of tho Moon’s Sidereal Period.— This Is 
effected directly by observations of tlio moon’s right nBoenslon and 
declination (with tho meridian circle), kept up systematically fora 
suflloiont time. 

If It were not for tlio so-called “secular acceleration” of tho 
moon's motion (Arts. 469-40L), an exceedingly accurate determina¬ 
tion of tli q moon's synodic period could bo obtained by comparing 
ancient oolipsos with modorn. 

Tho earliest authentically recorded eclipse is one that wn& obsorved 
ut Nineveh in tho yoar 708 n.o, botwoen C and 10 o'clock on the 
morning of June 16th. 

By comparing this eclipse with (say) the eclipse of August? 1887, 
we lmvc an interval of more than 36,000 months, find bo an error of 
ton hours even, In the obsorved tlmo of the Nineveh eollpso, would 
make only about one second In tlio length of the month. But tho 
month 1 b a little shorter now than It was 2000 years ago. 
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23*4 Relation of Sidereal and Synodic Periods —The fun lion < 
a i evolution desenbed by tho moon in ono day equate ~j, M being il 
length of tho side) cal month In the same way icprow>u i 

tlie cai th*s daily motion in its otbil, E being the length of tlm ymi 
Xlio difteiencc of those two cqmls the fraction of a involution win* 
the moon gains on the sun dining one day In a svnodio month, 

gains one whole 1 evolution, and thciofoie must gum ouch day * r oi 
revolution , that we have the equation 

-L i-i 

M E &' 

01 , substituting the uumeueal values of E and S % 

1_1_1 

M 365.26086 ^ 20 53059 5 

whence wc dome the value of M, 

Anothei way of lookmp at it is tins Tn a yeai thmo must ho eutclh/ an 
mote fiiilQical ievolution tlian thoie aic synodic levolutions, because the ml 
completes one entno chcmt in that time Now the numbei of synodic u*\ i 
lutions m a yeai is given by tiiie fiaction 

5~i = 12 .)()<) + 

O 

Thoio will theiefoie bo 13 809 suleieal levohitions m the yeai, and |Ti■ 
length of ono sidoieftl levolutioit equals 305} days divided by tins munbu 
l$m t winch will bo found to give the length of the sidoioaf evolution q 
heroic. 


233, Moons Path among the Stars —By obaeiving with tho mo 
udian drole the light ascension and decimation of the moon diiilj 
dming the month, just as in the case of the sun, wo obtain tho pon! 
tion of the moon for each day, and joining the points thus found, Wi 
can draw the path of tho moon in the sky. It is found to bo a growl 
circle inclined at a mean angle of 5° 8' to the ecliptic, which it <<nl» 
in tvyo points called the nodes (fiom nodus } a u knot”), 

AVe say the path is found to be n great circle. This must bo taken 
with some reservation, smee at the end of the month tho moon novo. 
ie inns ptectse y to the position it occupied at the beginning, owing 
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to tha regression of the nodce-and other so-called 14 perturbations/' 
Yvliioh will be dismissed hereafter. 

234, Moon's Meridian Altitude. — Since the moon's orbit is inclined 
to the ecliptic G°8', its inclination to the equator varies from 28° 80' (28° 28' 
+ 5° 8'), when the moon's ascondlng node is tlio vernal equinox, to 18° 20 f , 
when, OJ years later, the same node is at the autumnal equinox, In the first 
ease tho moon’s declination will olmngo during the month by 57° 12 ; , 
from —28° 80' to +28° 00', In the other oase it will change only by 00° 40', 
so that at different times the difToronoo in tho behavior of tho moon in 
this respoob is very striking. 

236. Interval between Moon's Transits. — On tho average tho moon 
gains 12° 11'.4 on tho sun dally, so that It comes to tho meridian about 
61 minutos of solar time later oach day. 

To find tho moan interval between tho siiocessivo transits of tho 
moon wo may nso tho proportion 

(800° - 12° 11',4) :8GO o = 24 u :0j whence n=24 u 50 m .f>. 

The variations of the moon’s motion in right ascension, whtoh are 
very considerable (much greater than in tho caso of tho sun), cause 
tills Interval to vary from 24 h 88 m to 2fi h 0G‘\ 

230. The Daily Retardation of the Moon’s Rising and Setting,— 
Tho average dally retardation of the moon’s rising and setting is, 
of course, the same as that of her passage aoroBB tho meridian, 
viz,, f>l m ; but tho notual retardation of rising is subject to very 
much groator variations than those of the meridian passago, being 
affected by tho moon’s olmngos in domination as well ns by 
the. inequalities of her motion In right ascension. When tho moon 
is very far north, having her maximum docilnation of 28° 80', she 
will rt&o in our latitudes much earlier than when she is farther 
south. 

In the latitude of New York tho least possible daily retardation 
of moon-rise is 28 minutos, and tho greatest is 1 hour and 17 
minutes. In higher latitudes tho variation is greater yet. 

237. Harvest and Hunter’s Moons. —Tho variations in the retarda¬ 
tion of the moon’s rising attract most attention when they occur at the time 
of tho full moon. When the retardation is at its minimum, the moon rises 
soon after sunset at nearly tho same time for Bovoral successive evenings; 
whereas, when the retardation is greatest, the moon appears to plunge nearly 
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vpi tically below the hon/on by hoi dully motion W1 m*u tho full moon 
occuis at the time of the autumnal equinox, tho moon ltwlt will bo noiu dm 
fiist of Aues 

Now, as will bo seen by lefeionco to Ifig 73, tho poition of the ecliptic 
uea\ the fiist of 'Vues makes a mucli smallei anglo with tho custom hoii/nii 
than the equatoi 

[The line UN is tho hon/on, E being tho past point — tho figmp lining 
diawu to lepiesent a celestial globe, as if tho obscivci \vme looking at tho 
eastern side of the celestial splune from the outside*] 

EQ is the equatoi Now, when the autumnal equinoctial point 01 ill si of 
Libia is on the hon/on at E> the position of the ecliptic will be that lepie 
rented by ED t moie steeply inclined to tho hon/on than 7‘JQ is, by tho 
angle QED, 231° But when the fiist of Anes is at E, tho ecliptic will bo m 



Fig 73 — !• initiation of the Urn \ eel Moon 

the position JJ' And if the ascending node of tho moon's mbit happens 
then to be neai the fust of Aues, the moon's patli will he MM 1 

Scolding]}, when the moon is m Anes, it, so to speak, musts along tho 
eastern hon/on fiom night to night, its time of using not vaiymg voiy 
much, and this, when it occius^neai the full of the moon, gives ilso to tho 
phenomenon Known as the haivest moon, tlie haimt Moon heintj the full moon 
neaied to the autumnal equinox The full moon next following is called ihn 
huntei\ moon 

Tn NoiwtSy and Sweden, undei these cncumstances, the moon's oibit nmv 
actually coincide with the hou/on, so that slip will use at absolutely the sumo 
tune foi a consideiable numbei of successive e\ on mgs, 

238 The Moon’s Orbit —As m the cuso of the sun, the ohservu- 
tion of the moon’s path m the sky gives no mtormatiou as to the real 
sue of its oihit; but its faun may he found by measuring tho appar¬ 
ent diametei of the moon, which lunges from 83' 30" to 29' 21" at 
difteient points The oibit turns out to he an ellipse like the cubit 
of the eaith, hut with an eccentucity moie than three times as giant 
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— about ^ on the avorngo, but varying from to ^ on account of 
perturbations. 

Tho extremities of the major axis fif tho moon's orbit are oallccl 
the perigee and apogee (from mpl and 4 tt& yrj). 

The lino of apsides, which passes through these two points, moves 
around towards the east once in about nino years, also on account 
of perturbations. 

239. Parallax and Distance of the Moon.—These can lie found in 
several ways, of which tho simplest is the following: At two observa¬ 
tories B and G (Fig. 74) on, or 
very nearly on, tho same merid¬ 
ian and very far npnrt (in tho 
northern and southern hemi¬ 
spheres If possible; Greenwich 
mid tho Capo of Good Hope, for 
Instauco) let tho moon’s zenith 
distance ZBM and Z'QM bo ob¬ 
served simultaneously with tho 
meridian oirclo. This gives in 
tho quadrilateral BOOM tho two 
angles at B and (7, each of 
which Is tho supplement of the geocentric zenith distance. Tho 
angle at the eontro of tho oarth, BOG , Is tho .difference of the gco- 
Gontrio latitudes and is known from the geographical positions of 
the two obsorYatoripfl. Knowing tho three angles in the quadrilat¬ 
eral, the fourth at M is of courso known, sinoo tho sum of tho four 
must ho four right angles. The Bides BO find 00 are known, boing 
radii of the earth; so that wo can solve the wholo quadrilateral by 
a siinplo trlgouometrioal process. 

First find from the triangle JWC tho partial angles OCB ancl OBC, and 
the side BC. Thou in tho triangle BCM wo haves BC and the two angles 
CBM and MCB } from which wo can find the two sides BM and CM. 
Finally, in tho triangle OBM, wo now know tho sides OB and BM and tho 
includod auglo O/Ll/, so that tho aide OM can bo computed, which is tho 
distauco of the moon from tho earth’s centre. Knowing this, tho horizontal 
parallax KMO } or tho semi-diameter of tho earth as soon froip the moon, 
follows at onoo. 

Tho moon’s parallax can also bo deduced from observations at a single 
station on the oarth, bub not so simply. If she did not move among the 
stars, it would bo vory easy, as all wo should have to do would be to compare 
lior apparent right asoouHion and declination‘at different points in her dlnr- 
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nal cncle Neai the eastern hon/on the paiftllax (always dopiossmg an ob 
ject) mcieases hei light ascension, at setting, vice vam On the imnnlian 
the decimation only is affected,* But tlio motion ot tlio moon must 1m al¬ 
lowed foi, as the observations to be compftied aio nocoHsauly #»Oinn alril by 
considerable intei\als of time, and tins complicates tlio calculation 

A tlmd, and a \eiy accniato, method is by moans of orcultatumH of 
stais, obseived at widely sepaiated points on the oaith Those occultations 
fmnish the moon’s place with gloat acemacy, and so detonmno tin) puinb 
lax ^eiy piecisely, but the calculation is not voiy simple, as the nm<m*s 
motion in this case also enteis into it, since the obseivatiotis cannot bo 
simultaneous 

240, The Distance of the Moon is continually changing on account 
of the eecentncity of its mbit, vaiying all the way, necoiding to Niu- 
son, between 252,972 and 221 ,G1 L miles; the mean distanoo being 
238,840 miles, oi 60 27 times the equatmml radius of the phi III, 
The mean paiallax of the moon is 57 f 2", subject to a similar per¬ 
centage of change This value of the parallax, it will be noted, 
indicates that the eaith, as seen fiom the moon, 1ms a diameter of 
neail} 2° 

Knowiug the size of the moon’s oibit and the length of the month* 
the \elocity of hei motion aiouiid the eaith is easily calculated It 
conies out 2288 miles per horn, or about 3350 feet a second, 




Fabellepresen unions of Moon's Motions 


*“ . r ° rm of the Moon ’ 3 0rblt with Referenoe to the Sun.— 

ie moon moves m a small elliptical oibit around the earth, it 
o moves mound the sun m company with the earth. This common 
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motion of the moon and earth, of course, docs not affect their relative 
motion; but to an observer outside the system tho moon’s motion 
around tho earth would only be a very small component of the moon’s 
moYomont as scon by him* 

Tho distance of the moon from tho earth, 289,000 miles, is very 
small compared with that.of the earth from tho aim, 93,000,000 miles 
— being only about ^ part. The speed of tho oartli in its orbit 
around tho sun is also more than thirty times faster than that of tho 
moon In its orbit around the earth, so that for tho moon the result¬ 
ing path in space is one which is always concave toward$ tho m?i, 
as shown in Fig. lb. It la not like Figs. 70 and 77, as often rep¬ 
resented. If we represent the orbit of the earth by a circle with a 
radius of 100 inches (8 feet 4 inches), tho moon would only move 
out and in a quarter of an inch, crossing tho circumforeuoo twonty- 
llve tidies in going once around it. 

242, Diameter of the Moon. — Tho mean apparent diamotor of tho 
moon is 31' 7", This gives it a real diamotor of 21G8 miles (plus or 
minus one mllo), whioh equals 0.278 of tho earth’s diameter. Since 
tho surfaooa of globes* arc as the squares of their diamoters, and their 
volumes as thoir cubes, this makes the surface of tho moon 0.0747 of 
tho earth’s (between fa and ; and tho volume 0.0204 of tho earth’s 
volume (almost exactly fa) ; that is, it would tillso 49 balls each as 
largo as the moon In bulk to make a ball of tho size of tho earth, 

243. Mass of the Moon.—This is about ^ of tho earth’s mass, 
different authorities giving the value from fa to fa. It is not easy 
to determine it with accuracy. In fact, though tho moon 1 b tho 
nearest of all the heavenly bodies, it is more difficult to “ weigh ” her 
than to weigh Koptuno, although ho is the most remote of tho planets. 

There are four ways of approaching tho problom : (1) (perhaps 
oasiosb to understand) by finding the position of the common centre of 
gravity of the earth and moon with reference to the centre of the earth. 
Since It is this co7nmon centre of gravity of tho two bodies whioh 
describes around tho sun tho ellipse whioh wo have oallod tho 
earth’s orbit, and since tho earth and moon revolve around this 

r 

common centre of gravity once a month, it follows that this monthly 
motion of tho oartli causes an alternate eastward and westward 
displacement of tho sun in the sky, whioh onn bo measured. At 
the time of the new and full moon this displacement is zero, tho 
centre of gravity being on tho lino which joins tho earth and Bun; 
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but when the moon is at quadrature (that is, 90° from the sun, aa at 

tlio time of half-moon), the sun 
is apparently displaced in the sky 
itfi towards the moon , as is evident 
from Fig. 78* It will be about 



( B) 


east of its moan place at the 
first quarter of the moon* Fig. 7K 
(2?),and as much west at tho time 
of the last quarter, Fig. 78 (yl) { 
(S.c., when the angle MGS is 1)0°, 
the angle MGS is always less than 
90° by 6".3, which is therefore the 
value of the angle CSG). Now 
since the parallax of the sun 
(which is the earth’s soiutdliim- 
ctcr seen from the sun — tho 
angle OSIC ) is about 8".8, it fol¬ 
lows that tlio distance of tlio cen¬ 
tre of gravity of the earth and 
moon froih tho centre of the 
earth ia the fraction of tho 
earth radius, or, about 2830 miles. 
This is just about fa of the dis¬ 
tance from the earth to the moon, whence wc conclude that the muss 
of the earth is 80 times that of the moon. 


1 

FlO, 78, 

Appatont Displacement of Sun nt First anti 
Third Quarto* of tho Month. 


\/-* v ' 344. (2) A second method is by comparing tho, mo oh Wefc/aJ/wrferf with 

the computed period which a single particle at the moon's distance from the earth 
ought to have t according to the known force of gravity of tho earth, as do tor- 
mined by pendulum experiments. Tho explanation of this method cannot 
bo given until we have further studied the motion of bodies under tho law 
of gravitation. It is not susceptible of great accuracy. 

(3) Still another method is by comparing the tide* produced by the moon 
with those produced by the wn. This gives us the mass of the moon as com¬ 
pared with that of tho sun; and the mass of the sun compared with that of 
the earth being known, it gives us ultimately the mass of the moon com¬ 
pared with that of the earth. 

(I) The ratio of the moon’s mass to the sun’s can also be computed from 
the nutation of the earth’s axis. (See Chap. XIII.) 


246* No other satellite is nearly as large as the moon, in comparison 
with its primary planet. The earth and moon ‘together, as seen from a 
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distant star, nro really In many respects more like a double planet than like 
a planet and satellite, as ordinarily proportioned to each other. At a time, 
for instanco, when Venus lmppona to be near the onrth, at a distance of 
about twenty-five millions of miles, tho earth to her would appear just about 
its bright as Venus at her host does to us; and the moon would bo about ns 
bright ns Birina, at a distance of about half a dogroo from the earth. 

24G, Density and Superficial Gravity of the Moon. — Since the 

density of a body Is equal to - lv | as8 , tho density of the moon ns 

volume 

compared with that of tho earth 1 b found from tho fraction 

4 or 

^ 0.0204 

This inakos the moon’s density 0.G18 of the earth’s density, or 
nbout fl T ^ tho density of water — somowhnt above tho average den¬ 
sity of the rocks which eompoBO the crust of the earth. 

This small density of the moon is not surprising, nor at all inconsistent 
with the belief that it once formed part of the smug mass with the earth, 
hIucg If such were tho ease, tlio moon was probably formed by the separation 
of the outer portion* of that nuias, which would bo likely to have a smaller 
spool Go gravity than tho vest* 

247. Tho superficial gravity y or tho attraction of the moon for bod¬ 
ies at its own surfaoe, may bo fouud by tho equation 


in which g* signifies the superficial gravity of tho moon, g la the force 
of gravity of tho earth, while m and r are the mass and radius of the 
moon ns compared with those of the earth. This gives ub 


o'=ii x 


0.0127) 

0.0747’ 


or (very approximately) g' equals one-sixth of g ; that Is, a body which 
weighs bIx pounds on the earth’s surface would at tho surface of the 
moon weigh only one (in a spring balance), A man on the moon 
could jump six times as high as he could on tho earth and could throw 
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a stone si\ times as far, Tins is a fact to bo remembered m comico 
lion with the enoimous scale of the surfaeo-stiticluro of the moon. 
Volcanic foices, foi instance, upon the moon won hi throw the rejected 
mateimis to a vastly gieater distance them than on the earth. 


248 Eotation of the Moon, —The moon lotatos on its a\m once n 



month, in piecisely the same tune as Unit occu¬ 
pied by its levolution mound tho cailh. In the 
long um it theioforc keeps tho sumo wide always 
towards the emth we seo to-day pieeinely the 
same face and aspect of the moon as Galileo did 
when he Hist looked at it Avith his telescope, mid 
the same will contnmo to bo the case for Lhouminrts 
of years moie, if not foiovor. 


t 


tf 

1<l diflicult; tor some to seo Avhy a motion of this 
Il} 11 soi t should be considoi eel a notation of tlm moon, hi lien 

it is essentially like tho motion of ft ball oamed on u 
ievolving ciank See Fig 70, Such a ball, they say, "involves mound Gin 
shaft, but does not iotate on its own axis ” It does lotato, hoivovoi. Tim 
shaft being veitical and the ciank hon/ontal, suppose that it eonipnss 
needle be substituted foi tho ball, as in Fig 80 Tho pivot turns nndm 
neath it as the ciank winds, but tho compass 
needle does not lotate, main taming always JT 
its own dnection with the maiked end noith. 

On the othei hand, if we made ono side of 
the ball (in the pieceding figuie), wo ahull 
find tho maiked side piesented successively to 
evei} point of the compass as the ciank ic- 
volves, so that the ball as leally turns on its l ~|J 
own axis as if it weie winding upon a pin Fi« so 

fastened to a table, The ball lias two dis 

tmet motions by vntue of its connection with tho ciank, Jhst y llio motion 

l r i3,atl0n ' '^ ,ch ° ames lts oenhe of B'"vrty» lilio that of tlu, compuHH 

notinnf a t C1 ;° le ai0Un , d th ° axis of ti,Q fillaCt i fondly, an additional 
to the sHft " ai ° U * d,awn thlou « h lts of gravity pm allot 
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them doacribo a groat circlo In the sky 00° distant from tho point pierced 
by tho axis, and bhcHO [joints constitute the equator of the body. 

249. LibrationB of the Moon. — 1. Libratlon in LatUttde. Tho axis 
of revolution of the moon is not perpendicular to its orbit. It makes 
a constant angle of about 881-° with tho ecliptic, and tho moon’s equator 
U so placed that it is always edge-wise to the earth when tho moon is 
at hof node, being maintained in that position by an action of tho earth, 
which produces a processional motion of the moon's axis. Tho angle 
botwepn tho moon’s equator and the plane of her orbit, therefore, is \^° + 
tiro inclination of the moon's orbit, whioli together make np an anglo 
of a littlo more than G^- 0 ; but, as tho inclination of tho moon's orbit 
to tho eeliptio is constantly varying slightly, this inclination of tho 
moon's axis to her orbit also changes correspondingly. This Inclina¬ 
tion of the moon’s axis produces changes in the aspect of the moon 
towards the ear,fell similar to those produced by tho inclination of the 
earth's axis towards tho oollptic. At one time, just as tho north polo 
of tho earth is turned towards tho sun, so also the north polo of the 
moon is tipped towards tho earth at an anglo of GJ°, and in the oppo¬ 
site half of tho moon’s orbit tho south polo is similarly presented, to 
us. In consequence wo alternately look over tho northern and southern 
portions of tho moon’s disc. 

The period of this libratlon 
node to node, called a nodical 
revolution. This 1b 27/21 days — 
about 2 hours and 08 minutes 
shorter than tho sidoroal royo 
lution of tho moon, since tho 
nodes always move westward, 
completing the circuit in about 
10 years, 

260, 2, Libration in Lon¬ 
gitude . Tho moon’s orbit 
being eccontrio, Bhe moves 
faster when near perigee, 
and slower when near apo¬ 
gee ; half-way between peri¬ 
gee and apogee she is more 
thanG a ahead of tho position 
she would have If she had moved with tho wean angular veloolty, 
Now tho rotation is imf/ora. A point, therefore, on tho moon’s 


is the time of tho moon's revolution from 
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suiface n hicli is cl hoc ted lowaid the eaith at ponged will not 
ha\c revolved far enough to keep it dnectcd townicl the earth when 
she is half-way (in tune) between pongee and apogee, hb m evident 
fiomFig 81 Foi in the quaitei-month next following tho pougoo, 
the moon 'will travel to a point if, considerably moic than hull-way l» 
apogee But the point a \ull have made only one qimitei-tui u, wine h 
is not enough to bung it to the line ME. We shall therefore hop a little 
aiound the western edge* Similarly on the other side of tho mbit, 
half-way between apogee and pengec, we shall look mourn! the msbort 
edge to the same extent, At pengco and apogee both, Hie llbintion 
is, of coiuse, rao The amount of tins libralion is evidently at *my 
moment just the same as that of the so-called “ equation of tlio ounli o," 
which, it will be lemombeied* is the difference between the mt'ftn nncl 
t) ue anomalies of the moon at any moment Its maximum possible 
value is 7° 15k 

The penocl of tlus hbiatiou is tho time it takes tho moon to go nionml 
fiom pongee to perigee— tho so called anomaliMn ) evolution) which is U7 f>fin 
day^ about 5 hom-j and 30 minutes longoi than tho sidereal month, and S 
horns 11 mmutes longer than tho moon's nodical revolution, which dolri- 
mmes the hluation m latitude 

The cause of the moieased length of tho anomalistic levolufion 1 h of 
coiuse tho fact that the line of apsides coil tumidly ad\ances euv/ira milk* 
mg one levolution ereiy m no yeais 

251 d Diurnal Libiation This is strictly a hbiation not of tho 
moon, but of the obseivei , still, as fni as the aspect of tho nionn 
goes, the effect is precisely the same as if it were fx tino lunm hbni- 
tion I lie moon's motions have reference to the earth's con Ilo Wo, 
on the siufaee of the eaith, look down ovei the western ocl^o of tho 
moon when it is using, and over the eastern when it is sotting, by 
an amount which is equal to the seim-dmmetei of the eaith n« soon 
fiom the moon, that is, about one degieo (tho moon's pamllux) 

On the whole, taking all three libiations into account, wo hoc con¬ 
siderably moie than half the moon, the poition which neror disappears, 
being about foily-one pe) cent of the moon's surface, that never visi¬ 
ble also foily-one per cent, while that which is alternately visible* and 
invisible is eighteen per cent 

252 The agreement between the moon’s timo of ictation and of 
her orbital levolution cannot be accidental It is probably duo to tho 
action of the earth on some slight protuberance on the moon's sm fucus 
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only that part of the illuminated hemisphere which is at the time turned 
towards the earth. At new moon, when the moon is between the 
earth and the sun, the dark side is towards us. A week later, at the 
end of the first quarter, half of the illuminated hemisphere is seen, 
and we have the half moon, just as we do a week after the full. Be¬ 
tween the new moon and the half moon, during tne first and last 
quarters of the lunation, we see less than half of the illuminated por¬ 
tion, and then have the“ crescent” phase. See Fig. 82 (in which the 
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light is supposed to coinc fiom a point far above the moon's oibll)* 
between the half moon and the full, duitng tho second and tlmd 
quartern of the lunation, wo see mote than halt of the moon’s illumi¬ 
nated side, and have what is called the “gibbous” phase 
Since the tci initiator or line which separates the dark poiiion of the 
disc fiom the blight is always a semi-ellipse (being a semi ciiole viewed 
obliquely), the ill uimn a tod surface is always a figure made up of a 
aemi*uicle plus 01 minus a semi-elhpse^ as shown in Fig 83, A 


It is sometimes mconecfcly attempted to icpiesonl the oioscont fonn 



by a constiuclion like Fig 83, Ji (whole a 
smftlloi oil do is cut by a hugen one), It is 
to be noticed that ab } the lino which join Is 
tho cusps, is always poipendiculai to tho lino 
diiected to tho sun, and the hoi n't cue ahrays 
turned away ftom the sun; so that the pieciso 


iu« 8i position in which they will stand at any time is 


always piedictable, and 1ms nothing w'lmlsoovm 
to do with tlio weathei, Aitists aie sometimes caioless in tho inamioi in 


which they mfcioduco the moon into landscapes One occasionally sees tho 
moon neat tho hon/on with the hoi rib tinned dowmvtnds f apiece of diawing 


fit to go with Hogaith's banel which shows both its heads at once 


254 Eartli-Shine oil the Moon — Noai tho time of now moon the whole 
disc ot tho satellite is easily visible, thopoi turn on which sunlight does not fall 
being illuminated by a pale luddy light Tins light is catth-shme, tho eat 111 
as fccen fi om the moon being then neaily full; foi scon fiom the moon tho oiu til 
shows all tho phases that the moon does, tho om Ill's pluiso in cvoiy ouso being 
exactly supplementaly to that of the moon as seen by us. 

As the eaith has a chainetei neaily foiu times that of tho moon, tho c*utli 
shine at any phase would bo about thuteen times as stiong as moonlight, if 
tho iclicctive powoi of tho eaith's suifaco woie tho same Piobably, taking 
the clouds and snow into account, tho eai Hi's siufaco on tho wholo is latliei 
mol© bnlhftnt than the moon's, so that noai now moon tho eaith slime, by 
which the daik side of the moon is then illuminated, is fiom Ilf toon to 
tweuty times as stiong as full moonlight Tho luddy coloi is clue to tho 
fact that light sent to the moon fiom the eaith has twice pcnotuited om 
atmosplieie and so has acquiicd the sunset tmgc 


266 Physical Ohaiaotenstios of the Moon, — 1 Jla Atmosphere* 
The moon’s atmospheie, if it lias any at all, is exticmcly laie, piob* 
ably not pioducing a baioraetrlc piessmo to exceed ^ of an inch 
of meiciuy, or of the pressure at tho eai Ill’s surface* Tho 
evidence on this point is twofold 
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(a) The idescopio appearance* Tho parts of the moon near the 
edge of tho disc, which, if there were any atmosphere, would bo 
seen through Its greatest possible depth, are seen without tho least 
distortion-: there la no haze, and all shadows aro perfectly black. 
There is no sensible twilight at the cusps of tho moon ; no cvkloneca 
of clouds or storms, or anything like atmospheric phenomena. 

{b) The absence of refraction when the moon intervenes between 
us and any more distant object. For instance, at an eclipse of tho 
sun theio la no distortion of tho sun's limb whore tho moon cuts It* 
nor any ring of light running out on tho edge of tho moon like that 
which encircles the disc of Venus at the tiino of a transit. Tho most 
striking ovldoneo of this sort comes, however, from oeculfcaUone of 
tho stars. When tho moon hides a star from sight, the phenome¬ 
non, if it occurs at tho moon’s dark edge, is an exceedingly striking 
one* The star rotnlns its full brightness in the Held of tho tele¬ 
scope until all at oneo, without tho least warning, it simply is not there, 
the disappearance) generally being absolutely instantaneous. Its reap* 
pcmvanco is of tho sumo sort, and still mom startling. Now if tho 
moon had any perceptible atmosphere (or tho star any sensible diam¬ 
eter) tho disappearance would bo gradual. The star would change 
color, become distorted, and fade away moro or lose gradually. 

Tho spectroscope adds its ovldoneo in the same direction. Them Is 
no modification of tho spectrum of tho star in any roapoot nt tho time 
of Its disappearance; and wo may add that tho spectrum of moonlight 
is Identical with that of sunlight pure and simple, there being no 
traces of any effect whatever produced upon tho sunlight by Its re¬ 
flection from tho moon, nor any signs of its having passed through 
an atmosphere, 

250. The time during which a star would be hidden behind tho 
moon would also bo doorcased by the refraction of any sensible 
atmosphere, making the observed duration of an oceultntion leas 
than that computed from tho known diameter of the moon and its rate 
of motion. Certain Greenwich observations apparently show a differ¬ 
ence , amounting to about two seconds of time. This may possibly be 
duo in some part to tho action of a rcaU but exceedingly rare, lunar 
atmosphere; for if tho whole phenomenon were duo simply to atmos- 
pliovlo aotion, It would indicate an atmosphere having a density about 
- 3 - 3 ^ part of our own, — far within the limits which wGro stilted above. 
But tho difference may bo, and vory probably is, attributable, in part 
at least, to a slight error in the measured diameter of tho moon, due to 
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ittcuhaliott' the diftUnotoi of a blight object always uL>prtuH u litlh' 
laiger than it ically is An euoi ot about 2" of lln^ soit would 
explain the whole discicpancy, without any need o£ help fiom iui 
atmospheie, 

257 What has become of the Moon’s Atmosphere - —-U Ui« moon 
evei foinied a pait of the same mass as the eaith, slio must onco ha\o hud 
an atmospheie Tlieie aio a niimhoi of possible and moio cn loss pmbnblu 
hypotheses to account foi its dis.ippeainnce It lms been surmised (l) (bill 
tlieie limy be gieat cavities left within the moon's mass by vole link* to lip 
tioiis, aiul that the locks thomsohes have been liausfoimod. into a soil i*f 
pumice stone stiuctuie, and that the an lias letnod into Hioho mU'iniil 
ca\ dies 

(2) That ilie an has been ab&oibcd by the lmioi luuai locks m cooling \ 
heated lock e\pels any gases that it may lm\o absorbed; luit if d< tiflmiiinl* 
cools slowly, it leabsoibs them, and can tako up a veiy gienl qmml d} M ho 
eaith's coie is supposed to bB now too intensely heated to absoib much gns , 
but if it goes on cooling, it will absoih moio and moie, and in timo il nm\ 
10 b the suiface of the eaith of all its an Them aio still otboi hypothec* s, 
which we can not take space e\on to mention 

268 Water on the Moon’s Surface — Of comao without ail hIiihh- 
pheio thcie can he no watei, since the watoi would immodiatoh r\up¬ 
date and foun an atmospheie of water uipoi if ihoio >v('in no tin 
pie&cnt It is not impossible, howevet, oi oven inipinbnblo, llml 
solid watei, that is, icc and snow r , limj exist on the moon'H surfm i 1 
at a tempeiatuic too low foi any sensible ovnpointiom Tlu*i<* mu 
many things in the moon's appemanee that seem to mcluulo tin* foi- 
mei existence of seas and oceans on hoi siulacc, mid Urn Htime 
hypotheses ha\e been suggested to account foi their ihmippi‘uii\iu , r 
that weie suggested in the case of the moon’s almospheio ft nun 
lie added also that many kinds of molten lock in eivslalli/mg would 
take up laige quantities of wntei of ciystalii/ation, not meicly idi- 
soibed as a sponge absoibs watei, but chemically united with the othm 
constituents of the lock, In wlmtovci way, however, it may 3iu\n 
come about, it is ccitain thatnozu no substances that aio gnscoiiH, or 
that can be evapmated at low temperatures, exist in any quantity on. 
the moon’s surface — at least, not on our side of the moon. 

Them ha\e been speculations that on the othei sido —that celestial conn- 
tiy so neai us and so absolutely concealed fiom us — theio may bo an and 
watei and abundant life j the idea being that oui side of tho moon is a m cat 
table land many miles in elevation, while tho othei side is a cono&pomlmg 
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ili'pityvnlnn, Him flm valliiy »[ lhi> ('uH^ijui Him, only vastly duopor, An h\- 
willlidriiHy gniniuh'il onimhisiun nC IImihou'h, Unit tin? umilrn op grimly of 
fho 11mim U Mium thirty mill's fiirllnn' from us Hum its ountro of Ilguro, for n» 
liiuo jjovn roliiv In Him nl»m, hut. it in nmv pruoliunlly uhandouoil, Hanson's 
nnirliriinn having hcmi shown In Ini unwniTiuilrd hy Ilia flints. 

2fi0, Tho Moon’s Light, ■—< An to yHuWif it is slmplo sunlight, show- 
ihj, 1 ; n npnnli'tnn wliiuh, as him luma said, is him ideal in uvury detail 
wiih that nf light ruining dirurily from llm huh, Its bviyhincus hh 
ronipaivil wllli tlmL of sunlight in diClluiill to muusuru ucuumtuly, ami 
ilUTomil uxpurlnmulm’n liuvu 1'ntmd rumills for llm ratio Imlwcmn full 
nmmil ijUit. mill sunlight ranging nil tlmwuy from (Nouguor) 

rtiM.HMMi (Wollaston), 'llm vtihui now usually uwmpUkl in that 
dulrrnilimd l<y Znllimr, vi/., , nrt V,n.o According to thin, if Llio wholo 
viniUn limniHplium worn puokud with full moons, wo should locoivo 
fn»in It iihniil oiiu-uiglilh jmrl of llm light of llm mm. 

[|< U Initial, uIku, Unit lln^ Imlf immn dues not give uvim lmurly half ns 
mtii*h light mi llm full niiiuii. 'Dui law whkli uinuuniU llm plinno oE llio 
Uinun wifii llm mumml of light givun ut llm liiim, Is vallmr umnplhmtml, bub 
llm |;in|. uf llm niutlur iH Hint uf any Hum, oxeupt lit llm full, Llm visible am- 
fun. U mmn or Inns durlmimil hy llm shadows rant hy llm irrugnluvlliofl i>C tlm 
hiii faro, Zolluur has imhmlutml Hmt an uvmigo angle of 52 u for llmso ulovn- 
lh>ii!4 mul ih i |m'HHlmiH would amuuil. ror Him law of Uhuniimlimi luttinilly 
(ilnt'ivol 


Tim uvtu'iign “f ilimfo" or mlluullng pu\Yur of tlm hiooii’h ftiirfuuo, 
ZHIliu-r HlitliiH UK 0.171; Unit in, tho moon's mirfuoo rojlmin a Ultla 
jnart: tfmu inw*nixlh part of llm light llmt fulls upon It, Tliiw Is ulxHifc 
lint ullmilo of u nillmr light-oolnrod siindstium, mul ugrmw wall with 
Llm oHthmilo of Sir John llui'Hulud, who fouiul llm moon to 1m very 
oNimlly of llio simm brightness as llm rook of Tallin Mountain whoa 
It wiih Hutting behind it, llhnnlmilud us worn llm mules tlumiHolvcs hy 
llm light of llm rising sun. Thorn am, however, groat variations in 
Urn brightness of dllYmml portions of tlm niooii’h mufucm, Some 
minis uro nuuvly as wliito us snow nr suit, and othora us dark as 
slain. 

260, Heat of tho Moon. — IW u long llnm It was ImpoBslble to 
duliml tlm moon's hunt* It 1 h too fuuhlu to ho dutuotud hy Llm moBt 
dnlluiiLu iimvcmrlftl tlmnnonudor uvtm w lum uoimonlrated l>y a lnvgo 
Inns, Thu llrsl Huunihlo uffuut was ohtahmd hy Mrllonl, In 18d6, 
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\utli the then newly invented theimopilo, by a sorics of observations 
bom the summit ot Vesuvius Since then aevmal physicists hnw 
worked upon the subject with more o i lobs success, but lire moKfc ic- 
cenfc and iclmblc investigations mo thoso ot Lord Rosso and Pxofcs- 
soi Langley, With modem appnuitus them is no chflloulty in detect 
mg the licut m tho lunm ladialions, but meastaemonts mo exticmely 
difficult and liable to onor A consideiable poicoiUngc of tho lunm 
heat seems to be heat simply reflected (like light), while the lest, 
perhaps tine e-fourths of the whole, is {i obscure knit”, that m, heat 
which has been Aist absorbed by the moon’s stuface and thou uidkitfd\ 
like the lioat from a buck biufacc that has been warmed by sunshine. 
This is shown by the fact that a conipaiativclv thin plato of glims 
cuts off some 3G per cent of tho heat leceived from tho moon in the 
samo way that it does the heat of a stove, while the heat of dll cot 
sunlight, oi of an elcctuc me, would pass llnough tho samo plate 
with vciy little diminution Tho same thing appeals also fiom ducot 
measurements upon the licat-speefr urn of the moon made by Langley 
with his bolouretei, descnbod fuithoi on. (Ait. 343 ) 

2D1 As to the tempemtuie of the moon 9 # inrface, it is difficult to 
aRnm much with certainty. On one lmnd, the lunar locks ai v exposed 
to the sun’s iajs m a cloudless sky foi fouitecn days at a time, bo 
that if they were blanketed by an like our own locks they would cer¬ 
tainly become intensely heated, A few yerns ago, Loid Rosso m- 
fened fiom Ins observations that the tcmpciatmo of tho lunar sutfneo 
lose at its maximum (about tluce days after lull moon) far nbovo 
that of boiling water. 

But Ills own latei investigations and those of Langley throw groat 
doubt on tins conclusion Theic is no an-blanket at tho liuxm’tt 
sutfftco to pi event it fiom losing heat as fast as itiocoives it, and 
it now seems lathei moio piobablo that tho tempeiatiuo novel' nseu 
above the fiee^ing-pomt of water, as is the case on tho highest of 
om* mountains, where tlieic is peipetual ice, and the tempoiatmo ib 
always low even at noon So far as we can judge, the condition of 
things ou tho moon’s suiface must coue&pond to an elevation many 
times lug he l than any mountain on the cailh; for no ten cstual moun¬ 
tain is so high that tho density of the air at its summit is even nearly 
as low as that of the densest supposable lunar atmospheio. 

This idea, that the tempeiatiuo Is low, is borne out, also, by the 
fact that tho bolometer shows tho pies once, in the lunar Laclmtious, 
of a consideiable quantity of heat having a wave-length greater thaw 
that of the heat i achated fiom a block of ice. 
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At the end of the long lunar night of fourteen days the tempera- 
turo must fall appallingly low, certainly 200° below zero. 

1. lie whole amount of heat sent by the bill moon to the earth is 
estimated by Hosbo as about one eighty-thousandth part of that sent by 
the sun, 

262, Lunar Influences on the Earth. —The moon’s attraction co¬ 
operates with that of the sun in producing tides, of which we shall 
speak hereafter. There are also covtain distinctly ascertained dis¬ 
turbances of torrofcjthil magnetism connected with the approach and 
recession of the moon at pcrlgco and apogee; and this onds the 
chapter of ascertained lunar influence^. 

r i'he multitude of current beliefs as to tho controlling influence of the 
moon's phases and changes over tho weather and the various conditio ho of 
life arc mostly unfounded, ancl in the strict sense of the ward f teuporsfcb 
tloiia," ■—more survivors from a past credulity■ 

lb is quite certain that l£ there Is any influence at all of the sort it is ex¬ 
tremely slight—so slight that it cannot be demonstrated with certainty, 
although numerous investigations have been made oxprossly for tho purpose 
of detecting 3fc, Wo have never boon able to agoertain, for instance, lyith 
certainty, whether it is warmer or no/, or lets cloudy or no/, at fcffo time of tho 
full moon, Different investigations have led to contradictory results. 

Tho froquenoy of tho moon's changes is so great that it is always cosy to 
And instan cob by which to verify a belief that changes of the moon control 
conditions on the earth. A change of tho moon necessarily occurs about 
onoo a week, the interval from quarter to quarter being be tween seven and 
eight days. All change, of the wonthcr for instance, must, therefore occur 
within three and tiireo-fourths days of a change of tho moon, and fifty per 
cent of them ought to occur within forty-six hours of a change, oven,if there 
were no causal connection whatever. 

New it requires only a very slight prepossession in favor of a belief in . 
the effectiveness of the moon’s Changes to make one forget a few of the 
weather changes that occur too far from the proper tbne. Coincidence* 
enough can easily be found to justify a preexisting belief. 

THE MOON'S SURE ACE. 

263. Even to tho naked eye tho moon 1 b a beautiful objeot, 
diversified with darker and lighter markings which have given rise to 
numerous popular superstition b- With a powerEul telescope these 
naked-eye markings mostly vanish, and are replaced by a eoimfcle&B 
multitude of etna Her details, which are interesting in the highest 
degree. The moon on the whole, on accouut of this diversity of 
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detail, is the finest of all telescopic objects; especially to nimlnrain- 
sized instruments, say from six to ten inches in diameter, which 
generally give a more pleasing view of our satellite than inslnmicnlH 
either larger or smaller. 

264. How near the Telescope brings the Moon. —An instrument 
of this size, with magnifying powers between 250 unit ffUO, bring* 
up the moon virtually to a distance ranging from 1000 miles to a00; 
and since an object a mile in diameter on the moon subtends uu 
angle of about 0".8G, with the higher powers of such ail instrument 
objects less than a milo in diameter become visible under favorable 
atmospheric conditions. A long line or streak, even less than u 
quarter of a mile across, could probably bo seen. With larger tele¬ 
scopes the power can now and then be carried at least twice nn high, 
and correspondingly smaller details made out. When everything is 
at its best, the great Lick telcscopo of 36 inches aperture, with n 
power of 2500 or so, may possibly reduce the virtual distance of our 
satellite to about 100 miles for visual purposes. It is evident thul- 
while with our telescopes we should be able to see such objuots us 
lakes, rivers, forests, and great cities, if they exist on the moon, it 
will be hopeless to expect, to distinguish single buildings, or imy of 
the ordinary operations and indications of life, if such there are. 

There are a few mountains on the earth from which a mngo of 100 miles 
is obtained in the landscape. Those who havo seen such a landscape leumv 
how little is to be made out with tbo naked oyo at that distance, Still, flit’ 
comparison is not quite fair, because in looking at a terrestrial object a hun¬ 
dred miles away the line of vision passes through a dense atmosphere, while 
iii looking upward towards tbo moon it ponotrates a much less thudcnuHn 
of air, 

265. The Moon's Surface Structure.*—*Tho moon's surface for it in 
most part is extremely uneven and broken, far more ho than that of 
the earth. The structure, however, is not liko that of the earth'* 
surface, On the earth the mountains are mostly in long ranges, wuoh 
as the Alps, the Andes, and Himalayas. On tho moon such moim« 
tain ranges are few in number, though they exist; but tho surface iw 
pitted all over with great craters, resembling very closoly tho vol¬ 
canic craters on the earth's surface, though on an immensely greater 
scale. One of the largest craters upon tho earth, if not tho largest, 
is the Aso San in Japau, about seven miles across. Many of tlioso 
ou the moon are fifty and sixty miles in diameter, and soma npo 
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over 100 miles across, whilo smaller ones from a half-milo to eight 
or ten miles in diameter are counted by the thousand, 

The normal lunar crater is nearly circular, surrounded by an ele- 
rated ring of mountains 
which rise anywhere from 
1000 to 20,000 foot above 
tlio surrounding country. 

Within the floor of the 
crater the surface nmy be 
either above or below the 
outside lovol. Some cra¬ 
ters are deep, some filled 
nearly to the brim. In 
Some CaSOS the surround- I?iu. 81. — A Normal r.iimu' Crnlci* (NrtHinylli), 
ing mountain ring is en¬ 
tirely absent, and tho orator is a mere hole in the plain. In the 
centre of the crater there usually rises a group of peaks, which attain 
about the same elevation as tho encircling ring, and these central 
peaks often show little holes or crnterlets in their summits. 

In most eases tho resemblance of these formations to terrestrial volcanic 
structures, like those exemplified by Vesuvius and others in tho surround¬ 
ing region, makes it natural to assume that they lmd a similar origin, 
'fills, however, is not absolutely certain, for them are eonsidemblo difficul¬ 
ties in tho way, especially in tho case of tho great 0 Bulwark Plains, "so called, 
which am so extensive that a person standing in tho centre could not see 
tho summit of tho surrounding ring at any point; and yet no lino of de¬ 
marcation can bo drawn between them and the smaller craters. The series 
is continuous. Moreover, on the earth, volcanoes necessarily require tho 
action of air and water, which do not now exist on tho moon. It is obvious, 
therefore, that if these lunar oraters aro tho result of true volcanio eruptions, 
they must bo fossil formations; for it is quite certain that no evidence of 
existing volcanic activity has over been found. Tho moon's surface appears 
to bo absolutely quiescent—still in cloath. 

On some portions of the moon these orators stand very thickly. 
Older craters have been encroached upon, or more or loss completely 
obliterated by the nower, and the whole surface is a chaos, of which 
tho counterpart is hardly to bo found on the earth, even in tho rough¬ 
est portions of tho Alps. This is especially the oaso near tho moon's 
south pole. It is noticeable that, as on the earth the newest momi* 
tains aro generally the highest, so on the moon tho more newly 
formed craters are generally deeper and more precipitous than the 
older ones. 
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306. Lunar Nomenclature.—Tim great plains were called by 
Galileo oceans or seas ( Maria) , and some of tlm smaller ones 
marshes (Paludes) and Inkes, for ho supposed that; the grayish sur¬ 
faces visible to the naked eye, and conspicuous in n small telescope, 
wore covered with water* Thus wo have tho u Oceanus Proaelhirnni, 
tho “ Mure Iinbrium,” and a number of other u sons,” of which 



“ Mare Fecunditatis,”“ Mare Serenitatis,” and "Mure Tranquil Hatis/’ 
are the most conspicuous. There are twelve of them in all, and 
eight or nine Paludes, Lacus, and Sinus. 

The ten mountain ranges on the moon nre mostly named after 
terrestrial mountains, as Caucasus, Alps, Apennines, though two or 
three bear the names of astronomers, like Leibnitz, Dtfrfcl. etc. 
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Tho conspicuous craters hoar the names of the more eminent ancient 
a J 1< l inedlmval astronomers and philosophers, ns Plato, Archimedes, 
Tycho, Copernicus, Kepler, and Gassendi; while hundreds of smaller 
and less conspicuous formations bear the names of more modem or 
Jobs noted astronomers. 

The ay stem seems to have originated with Riccioli in 1650, but most of 
the names have been more recently assigned by the later map-makers, the 
most eminent of whom have been the German astronomers Beer and Maed- 
ior (who published their map in 1837), and Schmidt of Athens, whose great 
map of the moon, on a scale seven feet in diameter, was published by the 
Prussian government a few years ago. It is not at all too much to say that 
tmr maps of tho earth’s surface do not, on the whole, compare in fulness and 
accuracy with our maps of tho moon. Of course this is not true of such 
countries as Franco and England, or others that have been trigonometrically 
surveyed; but there aro no snob facimw? in our maps of the moon as exist in 
our maps of Asia and Afriga, for instance. 

367. Other Lunar Formations.—The craters and mountains are 
not the only interesting for¬ 
mations on tho moon’s suv- 
f ace. There are many deep, 

, narrow, crooked valleys that 
goby the name of ^ rills a> 

(German Bitten) ^ some of 
which may onco have been 
watercourses. Then there 
arc numerous “ clefts,” half 
a mile or so wideband of un¬ 
known depth, running in 
some cases several hundred 
miles, straight through moun¬ 
tain and valley, without any 
apparent regard for the ac¬ 
cidents of the surface. 

They seem to be deep 
cracks in the crust of our 
satellite. Several of them tfia.85, — Avclilmodofl ntld tlio Apennines tNuamj'tbJ. 
are shown in Fig. 80. Most 

curious and interesting of all aro the light-colored streaks or "rays'* 
which radiate from certniu of the craters, extending in some cases 
n distance of several hundred miles. They are usually from five to 
ten miles wide, and neither elevated nor depressed to any extent with 
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reference to the general surface. They pass across mountain and 
valley, and sometimes through craters without any change in width 
or color. We do not know whether they nro like the so-called <l trap- 
dykes” on the earth, — fissures which lmvo been filled up from below 
with some light-colored material, — or whether they are more mir- 
face markings. No satisfactory explanation has over been given. 

The most remarkable system of “rays” of this kind is tlin one 
connected with the great crater Tycho, not very fur from the moon’s 
south pole. They are not very conspicuous until within a few (lays 
of full moon, but at that time they, and the crater from which limy 
radiate, constitute by far the most striking feature of the whole lunar 
landscape, 


268. ^Changes oil the Moon.—It is certain that there are no con- 

sjricuou* s* changes. The ob¬ 
server 1ms before him no 
such over - varying vision 
as ho would have in look¬ 
ing toward tlio earth, — 
no flying clouds, no alter¬ 
nations of seasons with the 
transformation of the snowy 
wastes to green field h, nor 
any considerable apparent 
movement of objects on the 
disc. The sun rises ou them 
slowly us they conic one 
after the fcther to the ter¬ 
minator, and sets as slowly* 
At the Bmno time it in con¬ 
fidently maintained by many 
observers that boro and there 
changes arc still going on iu 
the details of the surface. 
Others ns-stoutly dispute it. 

chffge*isthfttof the , ' ( f a ‘ Ivoofttcd ‘"Stwicn ot sue). n 

-u L\z'S3Z't 
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visible again, and there wove many reported changes in its appearance 
during the next year or two. There is no question that it does not now at 
all agree in conspicuousnoss and size with the representation of lleer and 
Maedlor, for it is at present, and lias been for several years, only a minute 
dark spot, with a whitish spot surrounding it. Astronomers would feel 
more confident that this was a case of real change wore it not that Schroe- 
ter's earlier picture much more resembles the present appearance than does 
that of ltoor and Maedlor. As the latter observers worked with rather a 
small telescope, and had no reason for taking any special pains in the delin¬ 
eation of this particular object, the evi¬ 
dence is less conclusive than it might 
seem at first. The change, however, if 
real, was certainly as great as in the 
instance of Krakatoa, the groat volcano 
whoso eruption in 1883 filled the earth’s 
atmosphere with smoke and vapor for 
more than two years, and caused the 
“twilight conflagrations ** of the sky. 

The phenomenon in the case of Linutf, 
if real, was probably a falling in of the 
walls of the crater, exposing fresh un- 
weathered surfaces. 

The reason why it is ho difficult to 
be sure of changes lies in the great 
variations in the appearance of a lunar object under the varying illu¬ 
mination. To insure certainty in such delicate observations, comparisons 
must be made between the appearance seen at precisely the same phase of 
the moon, with telescopes (and eyes too) of equal power; and under sub¬ 
stantially the same conditions otherwise, such as the hoight of the moon 
above the horizon, the clearness and steadiness of the air, etc. It is of 
course very difficult to secure such identity of conditions, 

270. Measurements of Heights of Lunar Mountains,—When the 
terminator approaches a lunar mountain, tho top of tho mountain 
catches the sunlight first, and appears as a star entirely detached 
from the rest of the illuminated portion, liko the little bright spots 
opposite a and b in Fig, 88, As time passes, tho bright spot be¬ 
comes larger as tho light extends lower down the mountain side, until 
the terminator reaches and passes it. 

If now we measure the apparent distance, AD or a, Fig', 89, from the 
peak to the terminator at tho moment when it first appears liko a star, 
it is easy to compute AS\ and from this, tho height of the mountain. 

In Fig. 89 the angle S'CWis very approximately the moon's “elongation ” 
at the time of observation, since the line from the earth to tho sun is nearly 
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parallel to S f C (the moon's distance being only about of the sun’s). Xu* 
the angle BABGBE ft = GO 0 — S* CN, so that AB, or b> — AD (or «)•; Mn 
S f CN, Knowing b t and the radius of the moon r, we got 

in which h is the height of the mountain, and b is the distance AJi. Kimim 
this equation we find 

r _ 6 > 

h — Vr' 2 + b' 1 — r, or (very nearly) h — A —• 

(This equation applies only to points which are in the same piano with Hi«- 
centres of the sun, moon, and earth.) 

If, for instance, b were GO miles, 

h (in miles) = or 1.004 miles = 8845 feet. 

v ' 2 X1081 

Since the terminator is very ragged, it is sometimes best to measure fi»i» 

the mountain top clear mu M ? 
to tho edge of the nnmn, 
indicated by tho little arrows 
in Fig. 88. The position ut 
tho theoretical terminal m 
(tho terminator as it wmiM 
bo if the moon woroiiHtithMili 
sphere) is known from Mm 
moon’s age, so that A // v*u 
be deducocl by measuring 
from the limb as well h* 
from tho terminator. 

Tho height of a imum- 
tain can also bo iimna- 
tained by measuring tin* 
length of its ‘ shallow in 
cases where tho Hhmhnv 
fulls on a reasonably level surface. A few of the lunar mountain** 
reach the height of 22,000 or 23,000 feet, but there are none wliU-li 
attain the elevation of the very highest terrestrial mountains. Hoighl* 
ranging from 10,000 to 20,000 feet are common. 

271. The Best Time to look at the Moon with a Telescope. Tln» 
moon when full is not so satisfactory an object as when near tho half, 1m* 
cause at the full moon there are no shadows, so that at that time tho M relief" 
of tho surface structure is entirely lost, Certain features, however, hh 1iiv< 
beeu before mentioned, are then best seen, as, for instance, tho streak* ui 
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rays. Generally, any particular mountain, crater, rill, or oloffc, Is best atiulied 
wlion it Is just on or vory noar the terminator, tlmt is, at the time when the 
sun is rising or Betting near it, because then tho shadows ara longest. Tho 
boat general viow of the moon is that obtained ft fow days after the half 
moon, wlion Copernicus and Tycho are hotli near tho torminatoi', and Pinto 
is still noar enough to it to show very well. 

272. Photographs of the Moon. — A great deni of niton Lion has been 
paid to tills subject, and some fine results have boon reached. Tho earliest 
success was that of Bond in 1850, with tho old daguerreotype process; then 
followed tho work of De la Rue in England, and of Dr. Henry Draper, and 
cflpoolally of Mr. lluthorfurd in tldR country. Riitliorfurd’s pictures have 
remained absolutely unrivalled until vory recontly. 

To tlioso oldor oxporiniontors tho moon’s motion offered a great dlflloulty, 
lmt now that with tho Honflitivo plates at present used, a fraction of a second 
ifi a Budlolont oxposuro, tlmt dlflloulty has disappeared, mid tho plates which 
have recently boon taken at Cambridge, Mass., aro fnr in advance evou of 
Iliithorfnrd's, showing such orators as Copornious or Plolomy with a diam- 
otor of two inclioa, on a bcuIo larger Hmu that oT Sohmidt/8 map, The Lick 
Obsorvatory lias also taken up the work, and is making admirable pioturoa. 
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CHAPTER VIII. 


THE SUN: DISTANCE AND DIMENSIONS. — MASS AND DENSITY, — 
ROTATION. — STUDY OF THE SURFACE : GENE HAD Y.I KWH AH 
TO THE SUN'S CONSTITUTION. — SUN SPOTS: TIIK1U A1MM0AU- 

AN015, NATURE, DISTRIBUTION, AND PERU)! >l<HTY. - THE 

SPECTROSCOPE AND THE SOLAR SPECTRUM. —* Ml KM II3A Ti 
ELEMENTS RECOGNIZED IN THE SUN. —THE Oil HOMOS PH till 1C 
AND PROMINENCES. — THE CORONA. 


273. The SUN is simply a star; allot, self-luminous globe of 
enormous magnitude as compared with the earth and tho moon, 
though probably only of medium size among its stolbiv compeers. 
But to the earth and the other planets which circle a round it, it is 
the grandest of all physical objects. Its attraction coniines its 
planets to their orbits and controls their motions, and its rays sup¬ 
ply the energy which maintains every form of activity upon their 
surfaces and makes them habitable. 


274. Its Distance and Dimensions.—Its distance is determined by 
finding its horizontal parallax; that is, tho semi-diameter of tim 
earth as seen from the sun. The mean value of this parallax is 
probably very near S^.8, 1 plus or minus 0".0S. 

We reserve to a separate chapter the discussion of Urn methods by 
which this most fundamental and important of all astronomical data 
lms been ascertained, merely remarking here that the problem in onu 
of extreme practical difficulty, though tho principles involved urn 
simple enough. 

# Assuming the parallax at 8 .” 8 , the mean distance* of the Him (put¬ 
ting v for the earth’s radius) equals 

r-h siu‘8".8 = 23,439 x r. 


With Clarke’s value of r (Art. 145), this gives 149,500000 IcilonuilfiM, 

oi.«" t , h , eAm * 1 '! C<lnEph0n,eris th0 VBlue deduced by Newcomb in 1807 ia used, viz., 
.86. Ihe British “Nautical Almanack” uses the same value, nml the FreuaU the 
value deduced by Leverrier alittlo earlier, B".80j but more recent observations 
^em to show that this value is a little too large, and that tho number stated, 

8 '.8, h more probably correct. The difference is of no Importance for ulmrnrn: 
purposes, 
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or 92,897,000 mllos ; which, however, is uncertain by at least 200,000 
miles, and is variable, also, to the extent of about three million 
mllos on account of tho eccentricity of the earth’s orbit, the earth 
being nearer the sun in December than in Juno, 

275. Tills distance is so much greater than any with which wo 
have to do on the earth that it is possible to reaoh a conception of It 
only by Illustrations of somo sort. Perhaps tho simplest is that 
drawn from tho motion of a railway train. Such a train going 1000 
miles a day (nearly forty-two miles an hour, and faster than tho 
Chicago Limited on the Pennsylvania Railroad) would take 254J- 
years to mako fclm journey. 

If sound wore transmitted through interplanetary space, and at the 
same rate as through our own atmosphere, it would mako tho pas¬ 
sage in about fourteen years; i.e ., an explosion on the sun would bo 
heard by us fourteen years after it actually occurred. A cannon- 
hall moving unretarded, at tho rate of 1700 feet per second, would 
travel tho distance in nine years. Light docs it In 199 hocoihIs. 



Kin. 00, — DlmeualonB of Uio Hun compuml wlllt Oiu iLuoii’n OrliiL. 


276. Diameter. — The sun’s mean apparent diameter is 82' 04" ± 
2 ". Silica at tho sun one second equals 450.80 iniloH, its diameter 
equals 860,800 miles, or 109J times the diainotor of tlio earth. It 
is quite posslblo that this diameter Is varlahlo to tho extent of a few 
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hundred miles, since, as will appear hereafter, the ann (at least the 
surface which we see) is not solid. 

Representing the sun by a globe two feet in diameter, the; mirth 
would be of an inch in diameter, —the size of n very small pen, 
or a “ 22-calibre” round pellet. Its distance from the sun on that 
scale would be just about 220 feot, and, tho nearest star (h!I ll on the 
same scale) would be eight thousand miles away, at the antipodes* 

If we were to place the earth in the centre of the sun, supposing 
it to be hollowed out, the surfs surface would bo 4311,000 miles away 
from us. Since the distance of the moon is only about 200,000 
miles, it would be only a little more than half-way out from the 
earth to the inner surface of the hollow globe, which would thus 
form a very good background for the study of the lunar motions. 


It is perhaps worth noticing, ns a help to memory, that tho sun's diamclur 
exceeds die earth’s just about as many times as it ia itself exceeded by the 
radius of tho earth’s orbit; or, in other words, tho sun's diameter is nearly a 
mean proportional between the earth's distance from the sun and the ear lids 
diameter, 110 being the common ratio, 


! 

P' 


277. Surface and Volume. —Since tho surfaces of glohon nro pro¬ 
portional to the squares of their radii, tho surfaeo of tho sun qxcohiIh 
that of the earth in the ratio of (100.5) 2 to 1 ; that is, its surface ih 
about 12,000 times the surface of tho earth. 

The volumes of spheres are proportional to tho cubes of their radii ; 
hence the sun’s volume is (109.5)®, or 1,300000 times that of the earth. 


278. The Buns Mass.—The mass of tho sun is very nearly three 
hundred and thirty-two thousand times that of the earth , subject to a 
probable error of at least one per cent. There are various wuya of 
getting at this result. For our purpose hero, perhaps the most cion- 
venient is by comparing the earth's attraction for bodies at her surf turn 
(as determined by pendulum experiments) with the attraction of tho 
sun for the earth, the central force which keeps her in her orbit. 
Put/for this force (measured, like gravity, by tho velocity it gemm¬ 
ates m one second), g for the force of gravity (32 feet 2 intiliCH 
per second), r the earth's radius, R the sun’s distance, and lot E 

, ~ be the mnsses of the earth and sun respectively. Thun liv 

the law of gravitation, we have the proportion 


Now, 


f-U 

R 


_S . 

R?' 



3 — E 



23,4-10 (nearly). 


(«) 
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Its square equals 610,433,000. g - 386 Inches. To find/wo have 
from Mechanics (Physics, p. 02), 


f= 


V 3 

li' 


J*0 


Mh being the expression for the 4 < central force” in the case of a 
hotly revolving in a circle. (\Ya may ncgleot the eccontrioity of the 
earth's orbit in a merely approximate treatment of the problem*) 
V\h tho orbital velocity of the earth, which is found by dividing the 
circumference of tho orbit, 2?ri?, by the number of seconds in a 
sidereal year. This velocity comes out 18.496 miles per second. 
Putting this Into formula (6), wo get/ = 0.2833 iliohes, 


ho that 

whence 


£ = 0.0000044 = —(nearly) ; 
g 1654 ' JJ ' 

S = E X - - ■ X 549,438,600 ; or S equals 832,000. 
1664 


Wo may noto in passing that half of/ expresses the distance by 
which the earth falls towards the sun every second, Just as half g is 
tho distanoo a body at tho oarth'R surface falls in a second. This 
quantity (0.11G inch), a trifle more than a ninth of an inch, is the 
amount by which tho oartlds orbit deviates from a straight line in a 
second. In travelling eighteen and one-half miles the deflection Ib 
only one-ninth of an inoh. 

9 _ n f 

278*. By substituting for V in equation ( h ), wo get 
J lj l<j » 


and putting thin value of /into aquation (n) and reducing, we obtain 


ov, Bin co 



(/) being tho fluids horizontal parallax), wo have finally 


8=J2 



M 


00 


It will bo noticed that in this expression tho cube of the parallax appears, 
and this ia tho ronson why an uncertainty of one per cent in p involves an 
uncertainty of three per cent in 5. 
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]» obtaining the mass of the aim it will be scon that we require as 
data, T, the length of the sidereal year in seconds; the value «" 
gravity, g (which is derived from pendulum experiments) ; the iwlius 
of ihe earth, r (deduoed from geodetic surveys) ; and Dually O'"* 1 
molt difficult to get), the sun’s parallax, p, or else, what comes to 

. V 

the same thing, the ratio —• * 


279. The Sun's Density. — This density 1 as compared with that of 
the earth is found by simply dividing its mass by its volume (both ti» 
compared with the earth) ; that is, it equals the fraction 


332 OOP 
1300 000 


0 , 233 , 


a little more tliau a quarter of the earth's density# To got its 
"specific gravity” (i.e M density as compared with water), wo inusl 
multiply this by 5.58, the earth's mean specific gravity, this gives 
1.41; that is, the sun's mean density is not l.j times that of wafer, 
a most significant result as bearing on its physical condition. 


280. Superficial Gravity,—This is found by dividing its nmm by 
the square of its radius ; that is, 

332 000 

mv' 

which equals 27.G. A body weighing one pound on the earths aur- 
face would there weigh 27*6 lbs. A body would fall 444 feet in n 
second, instead of sixteen feet, as here. 

281, The Sun's Rotation.—‘The sun's surface often shows spotH 
upon it, which pass across the disc from east to west. These are 
evidently attached to its surface, and not bodies circling around the 
sun at a distance above it, as was imagined by some early astrono¬ 
mers, because, as Galileo early demonstrated, they continue in night 
just as long as the time during* which they are invisible ; which would 
not be the case if they were at any considerable elevation, 


1 The determination of the sun's density does not necessarily involve Us parallax. 
Put p for the sun’s radius, and Ds for its density: also let Ve bo tlie earth's inunn 

density. Substitute in equation (c), anti we have : \irr [i Dc (~'\ (8 V« 

(y\{RY (f>\ ' 1 WW 

whence D$ = I)e \g)\p) * * But \RJ “ s ' n ^ being the sun's (angular) avini- 

diameter, .lienee, finally, Ds^De (-\—-—. 

V// sin 5 5 
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Period of Potation. —Tlio average time occupied by a spot iu pass- 
Ing around the aim and returning to tho same position ngaia is 27.26 
days, — average because different spots show considorablo differences 
in this respect. Tliia interval, however, is not tlio true time of solnr 
rotation, but tlio synodic , sinco tho earth advances in the interval of 
a revolution so that tlio sun has to turn on its axis a little farther each 
time to bring the spot again* into conjunction with the earth. The 
equation by which tlio true period is deduced from tho synodic Is tho 
same as in tho case of the moon (Art, 232), viz.: 

1-1 = 1 
T E S' 


T being the true period of the sun’s rotation, E the length of tho 
year, and S tho observed synodic rotation ; 


whence 


1 ^ 1 ■ 1 
T 27.26 366.26’ 


which gives T=26 ,l .36. Different observers get slightly different 
results. Carrington finds 26 d ,38 ; Spoorer, 26' 1 ,23. 


282. Position of the Sun’s Axis.—On watching the spots with 
enro as they Gross tlio disc, it appears that thoy usually describe pathr 
moro or Igbh oval, allowing that tlio sun's axis is inclined to tho 
ecliptic. Twice a year, however, the paths become straight, at tho 
times whon the earth is iu the plane of tho sun's rotation. These 
dates arc about June 3 and Deo. 6. 

Tho ascending node of the sun's equator is in colcfdinl longitude 78° 40' 
(Carrington), and tlio inclination of its,equator to tho piano of tlio ooliptlo 
is 7° 15'. Its inclination to tlio piano of tlio terrestrial equator is 20° 26'. 
Tho position of tho point in tho sky towards whioli tlio sun's polo is directed 
is in right ascension 18 h 44 m t declination. + 04°, almost exactly lmlf-way 
between tlio bright star a Lyric and the Pole Star. 

283, Peculiar Law of the Sun’s Potation,— Equatorial Accelam* 
lion. Tlio earth rotates as a whole , every point on its surface making 
its diurnal revolution in tho same tlmo; so also with the moon and 
with the planet Mara. Of course it ia necessarily so with any solid 
gloho. But this is not the case with the sun. It was noticed quite 
early that tho different spots give dlfforont rosults for the rotation 
period, but the researches of Carrington about thirty years ago first 
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brought out the fact that the differences follow a regular law, showing 
that at the solar equator the time of rotation is less than on either 
side of it. Thus spots near the sun’s equator givo T = 2fi day a } at 
sol ¥ latitude 20°, T— 25.75 days; at solar latitude 7'= 20. fi 
days; at solar latitude JO , 7’ = 27 days. The time of rotation in 
latitude 40° is fully two days longer than at the solar equator; lmt wo 
are unable to follow the law further towards the polos., bueiuiHO the 
spots are rarely found beyond the parallels of 45 ° on each side of the 
equator, and there are no well-defined markings between tills point, 
and the poles by which we can accurately determine the motion. 


284 . Various fovmulaj have been proposed to represent tills law of rota. 

non. Carrington gives for the daily motion of a spot X— 805' — 18iV xsin h, 
. leing the solar latitude of the spot. Faye, from the sumo observations, con* 
rT"V h ?J'° ? x l“, t 1 * coukl have i*o physical justification, deduced 
~ 1 / 6 x f m /> wh,oh <l 8 ’ 1 ' ces al 'nost us well with the observations. 
Still other formula have boon deduced by Spaorer, Zollnor, and Tissm-uml, 
all giving substantially the samo results. 


The law, in any case, is simply empirical; that is, it is deduced from 
ie observations, without being based-upon any satisfactory physical 
explauatton, for no such explanation of this strange equatorial »,«b 

22 y ° T fmmd ' Pl ' 0bab 'y 1 «» Hs origin somehow in 
the effects produced by the outpour of heat from the sun’s surfiiee ; 

ad, just how such-a result should follow iu the caso of a cooling 

SXit 1 “ W “ ” ,tM t0 , ™ V ° "“"5 '» 


a ZXTr* ] r L 10 mat ter from 

at that olevalu i ***' ,H » 
rotation due to that elevation ftllT , a j f ,T ? i,po,ulin B v " ,uuil '.V <>f 
the spots had thus fallen from t / ,. e S 10 ' Vn ti' a t if the matter forming 

account for theh ~ n n ™ « ekvataon of about 20,000 miles, it would 

apparent eastward motion fust nTdoT S ° fa,,ing would ! »uvo an 
the summit of a tower (Art. M\ ,T ° U h ° ? , ' Ul w,K:ft fulling from 

ing to inquire whether the minuter^ mBi-P*' 8 P 0111 * 1 °f yi 0w it ia very in tnrcsl- 

na the “granules,” to be spoken of very soo'^do ’ L1 ° ll 1 the f m ’ a "n«1l 

* J soon ’ do > 01 c1 ° 'mb possess the sumo 
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riito of motion na the apotR. Thoro is no decisive observational 1 evidence at 
present that tlioy do not. But tho subject is an extremely difficult one; and 
yot important, bccaiiso the solution of tho problem of tho aim's equatorial 
acceleration will probably throw lmiob light upon its reol constitution. 

# 

280. The Phenomena of the Sun’s Surfaoe.—In order to study 
tho sun with the telescope it is necessary to bo provided with some 
special forms of apparatus. Its heat 
and light arc so intense that it is 
impossible to look directly at it, as 
wo do at the moon. A very con¬ 
venient method of exhibiting the sun 
to a numbor of persons at once is sim¬ 
ply to attach to tho telescope a frame 
carrying a soreon of white paper at u 
distance of a foot or more from the 
eyc-pieeo, as shown in Fig. 91, On Fm. m.-Teicscopo and poreou. 
pointing tho instrument to the sun and 

properly adjusting tho focus, a distinct image is formed on the 
scrocii, which shows tho main features very fairly. It is, however, 
much more satisfactory to look at It dlrcotly, with a proper eye¬ 
piece. With a small toloscopc, not more than two and a half or 
three indies in diameter, a mere dark glass between tho eye-piecc and 
the oyo can bo used, but this dark glass soon becomes very hot, and 
is apt to crack, With larger instruments, it is necessary to use 
oyo-pioccs especially designed for tho purpose and known as solar 
eyepieces or helioscopes. 

The simplest of thorn, and a very good one for ordinary purposes, is one 
known as IlorschoPg, in which tho Run’s rays arc reflected at right angles by a 
piano of unsllvored gloss (Fig. 02). This reflector is made either of a prismatic 
form or concavo, in order that tho reflection from tho back surface may not 



1 Mr, Crow has recently made at Bnlllmoro, under the direction of Professor 
Rowland, an extonslvo series of observations upon tho displacement of the lines 
of the spectrum at tho oastorn and wostorn limbs of the sun. This displacement, 
which Is very slight, is duo, according to Doppler’s principle (Art, 821), to the 
rotation of the sun; and Mr, Crow’s roaults, ao far ns they can bo considered 
decisive, go to allow that tho absorbing layer of gases by wliioh tbe Fraunhofer 
lines aro formed does noL bohavo llko the sun spots, but Is slightly retarded at the 
Bun’B equator, Tho observations are so delicate, however, that the conclusion, 
though made very probable, can hardly be considered to be absolutely proved 
beyond question. 
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interfere with that from the front. About nine-tenths of the light passes 

through this reflector, and is allow( 2 cl to pass 
out uselessly through the open owl of the 
tube. The remaining tenth is sent through 
the eye-piece, and though still too iutonse 
for the eye to endure, it requires only n 
comparatively thin shade of neutral-tinted 
glass to reduce it sufficiently, and in this 
case the shade does not become uncomfort¬ 
ably heated. It is well to have the simile?- 
glass made wedge-shaped, — thinner at ono 
end than at the other — so that one emu 
choose the particular thickness which in 
" 1 best adapted to tlio magnifying power 
employed, 



Fio, 02. — Hereohol Eye.pieco, 


287, The polarizing eye-pieces are still better when well made. 111 
these the light is reflected twice at piano surfaces of glass at the “tuiglo of 
polarization” (Physics, p. 480), and is then received on a second pair 
of reflectors of black glass. When 
the upper pair of reflectors is in either 1 


of the two positions shown in Fig. 93, 
a strong beam of light is received at 
C t —too strong for the eye to bear, 
although more than ninety per cent 
of it has already been rejected; but 
by simply turning the box which 
carries the upper reflectors one-quar¬ 
ter of a revolution around the line 
BB us an axis, the light may be 
wholly extinguished; and any desired 
gTadation may be obtained by setting 
it at the proper angle, without the 
use of a shade-glass, 

288. It may be asked why it 
will uot answer merely to » cap ” 
the object-glass, and so cut off 
part of the light, instead of re¬ 
jecting it after it has once been 
allowed to enter the telescope. It 
is because of the fact, mentioned 
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aperture, therefore, is to suerllloo the definition of delicate details. 
With a low power there Is no objection to reducing the amount of 
heat admitted into the telescopo tube In that way, but with the higher 
powora tho whole aperture should always bo used, 

280. Photography.—In tho study of tho sun's surface photog¬ 
raphy is for some purposes very advantageous and much used. The 
instrument must lmvo a special object-glass (Article 42), with an appa¬ 
ratus for tho quick exposure of plates. Such instruments arc called 
plioto-holiogrnphs, and with them photographs of tho sun are made daily 
at numerous observatories. Tho necessary oxposuro varies from 
to yg of a second, In different cases. Tho pictures made by those 
instruments are usually from two inches up to eight or ten inches in 
diameter, and some of Janssen's, made at Moudon, bear enlarging 
up to forty inches in dinmotor, Photographs lmvo tho advantage of 
freedom from prejudice uud prepossession on tho part of tho ob¬ 
server; but they tako no advantage of thfe instants of fluo seeing. 
They represent tlm surface as it happened to be at tho moment 
when tho plate was uncovered. 

200. 'Tlui study of llio film has Income so important from a fidon title 
point of yIow that several observatories lmvo recently been established 
mainly for that purpose, though must of them connect with it that of other 
topics in astronomical physics. Tho two most important ofThose solar or 
astro-physical observatories, are tho observatory at Meudon and tho so-called 
“ Sonnonwartc” ai Potsdam. Thovo ought to be ono in this country. , 

201, General Views. — Before passing to a discussion of the 
details of tho different aolur phenomena, it will be well to givo a 
vory brief summary of tho objects and topics to be considered, 

1 . Tho photosphere; z.e., tho luminous surface of the sun directly 
visible to our telescopes. It is probably a sheet of luminous clouds 
formed by condensation into llttlo drops nud crystals (like the water- 
drops and loo-cryetals iu our terrestrial clouds) of certain substances 
which within the central mass of tho buii exist in a gaBeous form, 
but m’O cooled at Its surface below tho temperature necessary for 
their condensation ; perhaps such substauces as carbon, boron, and 
silicon* Tho granules, faouhe, and spots arc nil phenomena in this 
photosphere. 

2. The so-called {t reversing layer ** is a stratum of unknown thick¬ 
ness, but probably shallow, just above the photosphere, containing 
tho vapors of many of tho familiar torrestrlal elements ; of which 
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the presence, and to some extent their physical condition, can bo hi* 
vestigated by means of the spectroscope, 

8, Above the photosphere, interpenetrating the atmosphere of 

vapors just spoken of, 
and perhaps indistinguish¬ 
able from it, is mi envelope 
of permanent gases ; that 
is, gases which, under the 
solar conditions, cannot 
be condensed into clouds 
of solid or liquid parti¬ 
cles, Among them hydro¬ 
gen is most conspicuous. 
This envelope is the ho- 
called Chromosphere; and 
from it the prominences 
of various kinds rise, 
sometimes to the height 
of hundreds of thousands 
of miles. These beauti¬ 
ful objects are best seen 
at total eclipses of the 
sun, but to a certain ex¬ 
tent they can also bo stud¬ 
ied at any time by the 
help of a spectroscope, 

4. Higher yet rises the 
Fjt , 0i mysterious Corona ) of nm- 

ConsttUUIon of the Sun. From “ The Sun » by permission dense,and HO 

of tbe pubiiaiiora. far observable only during 

total eclipses of tho sun. 

Fig, 94 shows the relative positions of these different elements of 
the solar constitution, 

5. A fifth subject deals with the measurement of the sun’s light 
and the relative brightness of different parts of the solar surface, 

6, Another most interesting and important topic relates to the 
amount of heat radiated by the sun,-—the sun's probable tempera,- 
lure and the mechanism by which its heat-supply is maintained, 

292. The Photosphere.—The sun's visible surface is called tho 
photosphere^ and when studied under favorable atmospheric eoudi- 
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tiona, with rnthor a low magnifying power, it looks like rough dnuv- 
ing-paper* With< higher powers it is ween to be, as «liown in 
Fig, i)f>, made up of a comparatively darkish background sprinkled 
over with grains, or “ nodules,” as Ilersehol called them, of some¬ 
thing much more brilliant, — like snowllukca on gray cloth, according 
to Langley. These are from 100 to 000 miles across, and in the 
finest seeing are themselves resolved into move minute u granules.” 
For the most part, these nodules are about as broad as they arc long, 



Fj<4. 05, 

The Great Hun Spot of Soplumber, 1870, untl ilio Slniotm’o of Uiu PhoUwplim, From a Iimvluq 
by ProfcBBor Langley. From "Tliti New Astronomy/' by iichiiIbrIoii of Ilia l’liblfeHi'ifli 

though of irregular form; but hero aud there, especially in the 
neighborhood of the spots, they arc drawn out into long streaks. 
Nasmyth seems first to have observed this structure, and called the 
filaments willow leaves.” Soeehi called them M rice grains. y8 
According to Huggins they were 11 dots” ; and there was for a long 
time a pretty lively controversy aw to their true form. Their shape, 
howevor, unquestionably varies very much in different parts of the 
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surface and under different circumstances. They arc probably lumi¬ 
nous clouds floating in a less luminous atmosphere. 

Near the edge the photosphere appears generally much loss brill¬ 
iant; but certain bright streaks called u f'acuhc ” (from fetx, a 
torch), which though visible are not very obvious at points further 
from the limb, become there conspicuous. These faculra are eleva¬ 
tions,— masses of the same material as the rest of the photosphere, 
but elevated ‘above the general level and intensified in brightness. 
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Fi«. 00. — Facula) at Edge of Hu? Sun. (Do T 4 U Kuo.) 


When one of them passes off the edge of the sun, it is sometimes 
seen as a little projection. They are most abundant near the sun¬ 
spots, and they are more conspicuous near the edge of the disc, as 
shown in Fig. 9G, because the sun’s surface is overlaid by a gaseous 
atmosphere which absorbs more of the light there than it does near 
the centre, and these faeulro push up through it like mountains. 

293. The Sun Spots, — Whenever these arc present upon the sun's 
Burface, they are the most conspicuous objects to be seen upon it. 
The appearance of a normal sun spot, Fig. 97, fully formed and not 
yet beginning to break up, is that of a dark central “rimbrct” more 
or less nearly circular, with a fringing ** penumbra^* composed of 
filaments directed radially. The umbra itself is not uniformly dark 
throughout, but is overlaid with filmy clouds which require a good 
telescope and helioscope to make them visible. Usually, also, in the 
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umbra there are several round and very black spots, which arc some¬ 
times called "nucleoli” but are often referred to as “Dawes’ 
holoa,” after the name of their first discoverer. But while this is the 
appearance of wlmt may be taken as a normal spot, very few are 
strictly normal. Most of them are more or less irregular in form* 
They are often gathered ingroups with a common penumbra, and 
partly covered by brilliant “ bridges ” extending across from the out¬ 
side photosphere. Often the umbra is out of the centre of the pe¬ 
numbra, or has a penumbra only on one side, and the penumbra! 



Pitt. 07.^ A Normal Sun Spot. (Seoohl j modified,) 


filaments, instead of being strictly radial, are frequently distorted in 
every conceivable way, In fact, the normal spots form a very small 
proportion of the whole number, 

The darkest portions of the umbra are dark only by contrast. 
Photometric observations (by Langley) show that even the nucleus 
gives at least one per cent ns much light as a corresponding area 
of the photosphere; that is to say, as we shall see hereafter, the 
darkest portion of a sun spot is brighter than a calcium light, 

294. The spots are unquestionably cavities or depressions in the 
photosphere, filled with gases and vapors which are cooler than tho 
surrounding portions, and therefore absorb a considerable propor¬ 
tion of, light. The fact that they are cavities Is shown by the change 
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in the appearance of a spot as it approaches the edge <)f the diwc. 
When a normal spot is near the centre o( the disc, the nuelouw in 
nearly central. As it approaches the edge, tins penumbra beeoimm 
wider on the outer edge and narrower on the inner, ami junk before 
the spot disappears around the limb of the sun, the pen umbra on the 
inuer edge entirety disappears, — the appearance hemp,* pi'ociHoly 
such as would be shown by a saucer-shaped cavity in the Mirfiu'o 
of a globe, the bottom of the cavity being painted black to repre¬ 
sent the umbra, and the sloping sides gray for the penumbra, hip* 
08 represents the phenomena in a schematic way. Olworvulioim 
upon a single spot would hardly bo suillcicnt to substantiate this, 



Fig. 08. — Sun Sputa iih (JhvIUub, 


because the spots are so irregular in their form ; but by oliHumn# 
the behavior of several hundred of them tho truth conic h out qullu 
clearly. Occasionally, when a very large spot passes off tho hiiu'h 
limb, the depression can be seen with the telescope. 

The fact was first discovered by Wilson of Glasgow .so mo thing 
more than a hundred years ago, Previously it lmd very commonly 
been supposed that the spots were elevated above the general. Hurfiico 
of the sun, and the idea still survives in certain quarters, though cer¬ 
tainly incorrect. 

295. The penumbra is usually composed of “ thatcli-HtrnwB,” or 
long drawn-out granules of pliotospheric matter, which, an ban boon 
said, converge in a general way towards tho centre of tho Hpofc* ' At 
the inner edge the penumbra, from the convergence of those fl laments, 
is usually brighter than the outer. The iunor ends of tho lUnnlmilw 
aie generally club-formed; but sometimes tlioy arc drawn out into 
fine points, which seem to curve downward into the umbra like tho 
rushes over a pool of water. The outer edge of the ponumbm 1 b 
usually pretty definite, and the penumbra there is darker. Around 
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the spot tho photosphere is much disturbed und oloyated into fnculeu, 
which soinGtimoe radiate outward from the spot like streams of 
Invfi from a crater, though, of cionrsQ, they arc really nothing of tho 
sort. 

298. Dimensions of Sun Spots. — The dfiametor of the umbra of 
a sun spot rang os all tho way from GOO to 1000 miles in llio ease of 
a*vory small one, to 60,000 or 00,000 mhos in the ease of 'the larger 
ones. The penumbra surrounding a group of ftpots la BOinoUmcs 
160,000 miles across, though tiiat would be rather an exceptionnl 
size. Not Infrequently sun spots are large enough to bo aeon by the 
naked eye, and thoy have been often so soon at sunset or through a 
fog. The depth by which the umbm ia depressed below tho general 
surfaoo of tho photosphere is very difficult to determine, but accord¬ 
ing to Faye, Carrington, and others, It seldom exceeds 2500 mllos, 
and more often ia between 500 and 1500. * 

207. Development and Changes of Foi'm.— Generally the origin 
of a sun spot fails to be observed. It begins from an insensible 
point, and vapidly grows larger, the penumbra UBiially appearing 
only after the nucleus is fairly developed. 

If tho disturbance which causes the spot is violent, llio spot usually 
breaks up into several fragments, and these again into others which 
'tend to separate from each other. At each now disturbance tho for¬ 
ward portions of tho group show a tendency to advance eastward 
on tho sun’s surface, leaving behind them a trail of smallor spots. 

208. The w segmentation " of a spot, as Faye calls it, ia usually effected 
by the formation of a “ bridge,” or streak of brilliant light, which projects 
itself across tho penumbra and umbra from the outside photosphoro. Thews 
bridges are more extensions of the surrounding faoulrc, and aro often in¬ 
tensely bright. 

Occasion ally a spot shows a distinct cyclonic motion, tho flliunonts being 
drawn Inward spirally, and in different members of tho samo group of spots 
tile cyclonic motions aro not seldom in opposite (Urea(lone. 

"When a spot at last vanishes it is usually by tho vapid encroachment of 
the photoaplierio matter, which, ns Sccohi expresses it, appears to 11 fall pell- 
mell into tho oavity,” completely burying it and leaving its place covered 
by a group of fnoulrc. Figs. 00-104 (see page 201) show the changes which 
took place in the great spot of September, 1870. They aro from photographs 
by Mr, Rutherfurd of Now York, and are borrowed from “ Tho New Astron¬ 
omy” of ProfeBBOr Langley, through the oouTtesy of his publishers. 
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290, Spots within 15° or 20° of the sun’s equator generally, <m 
the whole, drift a little towarda it, while thoso in higher lalitu<lrn 
drift away from it; but the motion is slight, and ex cup lions nro fre¬ 
quent, 

In and around the spot itself the motion is usually inward lawardt* 
the centrcy and downward at the centre. Not infrequently the frag¬ 
ments at the inner end of the penumbra! filaments appear to draw 
off, move towards the centre of the spot, and then clOHccnd. Ocmjii- 
sioually, though seldom, the motion is vigorous enough to be do ten to* I 
by the displacement of lines in the spectrum. 

300, Duration.—The duration of the spots is very various, huh 
astronomically speaking, they are always short-lived plumoimmn, 
sometimes lasting for only a few days, moro frequently* porlinpH, for 
a month or two. In a single instance, a spot has boon obsorvml 

^through as many as eighteen successive revolutions of the huh. 

301. Distribution. —-It is a significant fact that the spots nro con¬ 
fined mostly to two zones of the sun’s surface between f>° and 40* nf 
latitude north and south. A few arc found near the equator, none 



beyond the latitude of 15°. Fig, 105 shows the distribution of unv- 
eral thousand spots as observed by Carrington and Sparer. 

Occasionally, what Trouveiotcalls <( veiled spots’ 1 are seen beyond 
the 45° limits grayish patches surrounded by facuhe, %vhich look im 
if a dark mass were submerged below the surface and dimly hcgii 
through a semi-transparent medium. 
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302. Tlieories as to the Nature of the Spots.— Wq first mention 
(a) the theory of Sir Wiliam Ilorschcl, bcciiUBo It still finds place 
in certain text-books, though certainly incorrect. His belief was 
that the spots wore openings through two luminous strata, which lie 
supposed to surround the central globe of the sun. This globo ho 
supposed to ho dark (and even habitable /). The outer stratum, the 
photosphere, was the brighter of the two, and the opening in it the 
larger, while the inner shell between It and the solid globe was of less 
luminous substance, and formed tho pomimbra. Ho thought the open¬ 
ing through thceo might be caused by volcanoes on tho globe beneath. 

303. ( b ) Another theory, now abandoned, was proposed inde¬ 
pendently both by Sccohi and Faye about 18G8. They supposed that 
the spots wore openings hi tho photosphere caused by the bursting 
outward of the imprisoned gases underneath it; tho photosphere at 
that time being supposed to be liquid. 

They explained the darkn oar of tlm centra of tho spot by tho fact that a 
boated gas at a given temperature linn a lower radiating power and sends 
out much less light t^an a liquid mtrface 9 nr than clouds fori nod by the con¬ 
densation of tho same material at even a lower temperature), Tills is true 
of gases at low pressure, but not of gases undor great compression, Hiioh as 
must bo tho ease within tho body of the sun. besides, if the gases possessed 
the small radiating power necessary to this tlioory, they would also possess 
small absorbing power, and therefore would be transparent; tho inner sido of 
tho photosphere on tho opposite sido of tho sun would therefore lie visible 
through tho opening, so that tho centre of such an eruption would not bo 
dark} blit, if any tiling, brighter than tho genoral solar surface. MoyeoYor, as 
wo now know from the speotroscopio ovidence, the motion ufc the centre of a 
spot Is imoard, not ouliuard. 

304. (c) Faye more recently has proposed and now maintains a 
theory which has numerous good points about it, and la accepted by 
many, viz,: that the spots nro analogous to storms on tho earth, being 
qfclonesy duo to the fact that the portions of the sun's surface near 
the equator make their revolution in a shorter time than thoso in 
higher latitudes. This causes a relative drift in udjnoont portions of ■ 
tho photosphere, and according to him gives rise Lo vortices or whirl- 
jmola llko tlioBO In swiftly running water. The theory explains the 
distribution of the spots (which abound precisely in the regions 
where this relative drift iB at the maximum) and many other facts, 
such ns their u segmentation.” According to ifc, howover, aU spota 
should ho cyclonic, and tho spiral motion of all the spots In tho 
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southern hemisphere should be clock-wise, while in the northern hemi¬ 
sphere they should be counter-clock-wise. Now, ns u matter of fuel, 
only a very few of the spots show such spiral motions, and there is 
no such agreement in the general direction of tin* motion as the 
theory requires. 

Faye attempts to account for this by saying that we <1<i not see the vortex 
itself, but only the cloud of cooler materials which is drawn together by 
the tlown-rushing vortex, itself hidden beneath this cloud. Still, it would 
seem that in such a caso the cloud itself should gyrate. Moreover, the 
relative drift of the adjacent portions of tho photosphere is too simill In 
account for the phenomena satisfactorily. In tho solar latitude of till 0 two 
points separated by 1' of the sun’s surface (128 miles) have a relative daily 
drift of only about four and one-sixth miles, insufficient to produce any sen¬ 
sible whirling. 


305. (cl) Secchi’s later theory. He supposed fclic spots to lm due 
to eruptions from the inner portions of the sun’s surface, not in the 
spot, however, but only near it; the spot itself being formed by 
the settling down upon the photosphere of material* thrown out by 
the eruption and cooled by their expansion nndjheir motion through 
the upper regions. Wo have, however, in fact, as a usual thing, not 
a single eruption, but n ring of eruptions all around every largo spot, 
nil of them converging their bombardment, so to speak, upon tins 
same centre, —a fnct very difficult to explain if the spot origi¬ 
nates in the eruption, but not difficult to understand if tho eruption*, 
are the result of the spot. 

Perhaps the true explanation may be that when an eruption occurs 
at any point, the photosphere somewhere in the neighborhood mute* 
r own m consequence of the diminution of the pressure beneath, thus 
urn a sink , so to speak, which is of course covered by u 
greater depth of cooler vapors above, and so looks dark. 

3°e. (e) Mr. Lockyer, in his recent work on the chemistry of tin* 

accent eel'bv T l £7’ SUgg ° 8tetl by Sir John Horaol.el ami 
accepted bj the late Professor Peirce, that the spots arc not formed 

-mate ve”n Tl hath > co ° l » descending from above, 

the distribution 'of "“f**! 0 ° rigi ' 1! but U is £ ™cult to aeo how 
be 7f l 10 «"■ 
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sun spots avo olosoly associated with eruptions from beneath; but 
Which is cftiiso anti which effect, or whether both are duo to some 
external action, remains undetermined, 

307. Periodicity of Suu Spots, — In 181)1 Schwnbo of Dessau, by 
tho comparison of an oxtonsivo series of observations running over 
nearly thirty years, showed that the sun spots avo periodic, boing at 
times vastly more numerous than at others, with a roughly regular 
recurrence overy ton or cloven years. This had )>con surmised 
by Horrebow more than a century before, though not proved. 



Subsequent study fully confirms this remarkable result of Schwabo. 
Wolf of Zurich lias collected all the observations discoverable ami 
duds a pretty complete record back to 1610. From these records is 
constructed tho annexed diagram, Fig. 100. Tho ordinates of tho 
curve represent what Wolf calls his “ relative numbors/’ 1 which he 
lias adopted as representing tho spottedness. 


) This " relative number " la formed in mlltor an arbitrary manner from tho 
observations which Wolf hunted up ns tho basis of Mb investigation, The 
formula Is, r (the rolatlvo number) (10 </+/), In which g is tbo mimbor * 
of groups and isolated spots observed, / Uio total mimbor of Rpots which oan 
bo counted In those groups and singly, while b Is ft coolMcnt which dopomls 
upon the observer and the size of his tulcBoopc i it la large for a small telescopo 
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The average period is eleven and one-tenth years, but, as the figure 
allows, the a pot maxima are quite irregular, both in time and as to 
the extent of spottedness. The last spot maximum occurred in 
1883-84 (a year or two behind time), and we are now (1888) ap¬ 
proaching a minimum* During a maximum the surface of the sun 
is never free from sj^ots, from twenty-five to fifty being frequently 
visible at once. During* a minimum, on the other hand, weeks often 
pass without the appearance of a single one, 

^ y-y 308. Possible Cause of the Periodicity.—The cause of this periodicity 
is not known. It has been attempted to connect it with planotavy action-. 
Some tilings in the Kew statistics of the sun spots look as if Venus, Mer¬ 
cury, and the Earth had something to do with it, the sun’s surface being 
more spotted when these planets approach nearer; hut the evidence is 
insufficient, or at least needs to be supplemented by further comparisons. 
Jupiter also lias been suspected. His period is 11.80 years, which is not 
very different from the mean sun-spot period; hut an examination of the o 
different spot maxima show that some of them liavo occurred wlion ho was 
near perihelion, and others when he was near aphelion; and on the whole 
thorn is very little reason for supposing that ho lias any considerable ‘infill* 
onco in the matter, 

Sir John Hcrschel suggested that it might bo due to streams of meteors 
moving in an oval orbit with a period of about eleven years, and approach¬ 
ing so near at perihelion that numerous members of the moteorio group actu¬ 
ally fall into the sun; but, as has been said before, the distribution of the 
spots would seem to contradict the idea. 

309. Terrestrial Influence of the Sun Spots.—One influence of 
the sun spots upon the earth is perfectly demonstrated* When tho 
spots are numerous, magnetic disturbances (the so-called magnetic 
storms) are most numerous and violent upon the earth, a fact not to 
bo wondered at since violent disturbances upon the sun’s surface 
have been in many individual cases immediately followed by mag¬ 
netic storms, with a brilliant exhibition of the Aurora Borealis. Tho 
nature and mechanism of the connection is as yet unknown, but of 
the fact there can be no question* The dotted lines in the figure of 
the sun-spot periodicity (Fig. lOfi) represent the magnetic storminess 
of the earth at the indicated dates; and the correspondence between 
theao curves and the curve of spotfcedness makes it impossible to 
doubt the connection. 


and not very persistent observer, anti approaches unity the more likely the 
observer may be supposed to have noted every sun spot that appeared during 
the time covered by Ids observations* 
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310. It 1ms boon attempted, also, to show that greater or lees 
disturbance of the sun's surface, ns indicated by the greater fre¬ 
quency of the sun's spots, is accompanied by effects upon the meteor¬ 
ology of the earthy upon its temperature, barometric pressure, stonn- 
incsB, and the amount of rain-fall. The researches of Mr. Moldrum 
of Mauritius with rospoot to the cyolones in fell*Indian Ocean appear 
to boar out the conclusion that thero may be some suoh connection In 
that case, but the general results are by no moans decisive. In some 
parts of the oartli the rain-fall seems to be greater during a spot 
maximum ; In others, less. 

As to the temperature, it is still uncertain whether it is higher or 
lower at the time of a spot maximum. The spots themselves are 
cooler (os Henry, Seochi, and Langloy have shown) than the general, 
surface of the photosphere; but their extent is never sufficient to 
reduce the amount of heat radiated from the sun by as much as 
part. On tlio other hand, when the spots are most numerous, the 
generally disturbed condition of the photosphere would, as Langley 
has shown, necessarily be accompanied by an increased radiation, 

Dr. Gould considers that the meteorological records In the Argen¬ 
tine llepubllo between 1875 and 1885 show an indubitable connection 
botweon thcwmcZ currents and the number of sun spots. But the 
demonstration of such a relation really requires observations running 
through several spot periods. On tlio whole, it is now quite certain 
that whatever in (In once the sun spots exert upon terrestrial meteo¬ 
rology is vory slight, if it exists at all. 

THE SOLAR SPECTRUM AND ITS REVELATIONS, 

311, About 1800 the spectroscope appeared in tho held as a new 
and powerful instrument of astronomical research, at onco vosolving 
many problems as to tho nature and constitution of tho heavenly bodies 
which before had not seemed to be ovon open to investigation. 

The essential part of tlio apparatus is oitlior a prism or train of 
prisms, or else a diffraction grating, 1 which is capable of performing 
tho samo office of dispersing — that is, of spreading and Bonding in 
different directions — tho light rays of different wave-lengths. If, 
with such a 44 dispersion piece/ 1 as it may bo called (either prlBin or 
grating), ono looks at a distant point of light, as a star, ho will see 

1 T1jo grating Is merely a pieco of glass or speculum mclnl, ruled with many 
thousand straight, equidistant llneB, from 5000 to 20,000 in tho Inch. Usually the 
surface before ruling is accurately piano, but for some purposes tho concave grat¬ 
ings, originated by Professor Rowland, are preferable. 
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instead of a point a long streak of light, red at one end ami violet 
at the other. If the object looked at be not a point, but a Una of 
light parallel to the edge of the prism or to the linos of the grating, 
then, instead of a mere colored streak without width, one goto a 
spectrum, a colored band of light, which may show markings that 
will give the observer most valuables information. (Physics, jip. 
458-460.) For convenience 1 sake it is usual to form this linn 
of light by admitting the light through a narrow u ulity* which is 
at one end of a tube having at the other end an achromatic object- 
glass at such a distance that the slit is in its principal focun. 
This tube with slit and lens constitutes the "collimator” so called be¬ 
cause it is precisely the same as the instrument used in connection with 
the transit instrument to adjust its line of colliumtion (Article GO) . 

Instead of looking at the spectrum with the naked oyc, however, 
it is better in most cases to use a small telescope ; called the 14 vivw- 
telescojie , ,J to 'distinguish it from the large telescope, to which tlic 
spectroscope is often attached. 




Direct- V7s ion Spectroscope 


Fig. 107. — DifTei-ent Forms of Spectroscope.. 


312. Construction of the Spectroscope.—The instrument, there- 
fore, as usually constructed, and shown in Pig. 107, consists of tlnvo 
parts,—collimator, dispersion-piece,, and view-telescopc ; but in tho 

n!Ii?lT Sl T f 8 o CCtl r aC °i )e ’ Sh0Wn in the r,gin ' e > t,,Q view-telescope is 
o mtted. If the slit, S, be illuminated by strictly homogeneous light 
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all of one wave-length» say yellow, the u real image” of the slit 
will be found at Y< If at the same time light of a different 
wave-length be also admitted, say red, a second image will be 
formed at if, and the observer will see a spectrum with two “ bright 
lines,” the lines being really nothing more than images of the slit. If 
light from a candle be admitted, there will b<^ m infinite number of 
these slit-images-, close packed, like the pickets in a fence, without 
interval or break, and we then got a continuous spectrum ; but if we 
look at sunlight or moonlight, we shall find a spectrum continuous in 
the main, but crossed by numerous dark linos, as if some of the 
“ pickets” had been knocked off, leaving gaps. 



313. Integrating and Analyzing Spectroscope. — If we simply 
direct the collimator of a spectroscope towards, a distant luminous 
object, every part of the slit receives light from every part of the 
object, so that in this case every elementary streak of the spectrum 





is a spectrum of the entire body, without distinction of parts* A 
spectroscope used in this way is said to bo an integrating instrument* 
If, however, we interpose a lens (the object-glass of a telesco^O 
between the luminous object and the slit, so as to have in tho ptutus 
of the slit a distinct, real image of the object, then the top of the 
slit, for instance, will be illuminated wholly by light from one pnrL 
of the object, the middle of it by light from another point, and tliti 
bottom by light from still a third. Tho spectrum formed by the lop 
of the slit belongs, then, to the light from that particular point of tho 
object whose image falls upon that part of tho slit; and so ol tho 
rest. IVe thus separate the spectra of the different parts of tho 
object, and so optkcdly analyse it. An instrument thus used in 
spoken of as an “ analyzing spectroscope f Tho combined inntru- 
•incut formed by attaching a spectroscope to a large telescope for 
the spectroscopic observation of the heavenly bodies has boon called 
by Hr. Lockycr a “telespectroscope.” Tig. 108 shows the apparatus 
used by the writer for some years at Dartmouth College. 

For solar purposes a grating spectroscope is generally bettor than a 
prismatic, being less complicated and more compact for a given power* 

314. Principles upon which Spectrum Analysis depends. —Tlmao, 
substantially as announced by Kirehhoff in 18/38, are the three 
following: — 

1st, A continuous spectrum is given by every incandescent body, 
the molecules of which so interfere with each other as to prevent 
their free, independent, luminous vibration ; that is, by bodies which 
are either solid or liquid , or, if gaseous, are under high pressure* 

2d, The spectrum of a gaseous element, under loio prestna'e t in 
discontinuous, made up of bright lines , and these lines are character¬ 
istic ; that is, the same substance under similar conditions always 
gives the same set of lines, and generally does so even under widely 
different conditions. 

3d, A gaseous substance absorbs from white light passing through 
it precisely those rays of which its own spectrum consists* The spoo- 
trum of white light which has been transmitted through it then ex¬ 
hibits a “ reversed " spectrum of the gas; that is, one which shows dark 
lines instead of the characteristic bright lines. 

Fig. 109 illustrates this principle. Suppose that in front of the Blit 
of the spectroscope we place a spirit lamp with a little carbonate of 
soda and some salt of thallium upon the wick. We shall then got i\ 
spectrum showing the two yellow lines of sodium and the green lino 
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of thallium, bright . If now tho lime-light bo started right behind the 
lamp Ilamc, wo shall at once got the effect shown in the lower figuro, 
—-a continuous spectrum crossed by blach lines just where the. bright 
lines were before. Insert a screen between the lamp flame and the 
lime, and the dark lines instantly show bright again. 



Eio. 100. — KovoMnl of tho Spectrum. 


315. Chemical Constituents of the Sun. — By taking advantage 
of these principles wo can detect the presence of a large number of 
well-known terrestrial elements in the sun. Tho solar spectrum is 

crossed by dark lines, which, with 
an instrument of high dispersion, 
number several thousand, and by 
proper arrangements it is possible 
to identify among theso lines many 
which are duo to the presence in 
the sun’s lower atmosphere of 
known terrestrial elements in tho 

|f ra, 110. — Tho OompnrlHon Prism. State of vapor. To effect tllO Com* 

pnvison necessary for tills purpose, 
tho spectroscope must be so arranged that the obscrvorcan have before 
him, side by side, tho spectrum of sunlight and that of tho substance 
to be tested. In order to do this, half of the slit is fitted with a little 
M comparison praw,” so-called (Fig. 110), which reflects into it tho 
light from the sun, while the other half of tho slit reoeivos directly 
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the light of some flame or electric spark. On looking into the nyo- 
piece of the spectroscope, the observer will then see a spectrum, the 
lower half of which, for instance, is made by sunlight, while lho 
upper half is made by light coining from an electric spark between 
two metal points, say of iron. 

Photography may also he most effectively used in these compari¬ 
sons instead of the eye. Fig. Ill is a rather unsatisfactory repro¬ 
duction, on a reduced scale, of a negative recently timdo by Pro- 



Fki. ill. 

Comparison of the Solar Spectrum wllb llint of Iron. From ft NogrUlvo by IVof. Trowbritlwts 

fessor Trowbridge at Cambridge. The lower half is the violet por¬ 
tion of the spectrum of the sun, and the upper half that of the vapor 
of iron in an electric arc. The reader can seo for himself with whut 
absolute certainty such a photograph indicates the presence of iron 
in the solar atmosphere. A few of the lines in the photograph 
which do not show corresponding lines in the solar spectrum arc din* 
to impurities in the carbon, and not to iron. 


t 316. As the result of such comparisons we have the following list of 
sixteen elements, which are certainly known to exist in the sun, viz.:. 


Barium, 

Calcium, 

Chromium, 

Cobalt, 

Copper, 

Hydrogen, 

Iron, 

Magnesium, 

There is evidence, perhaps not quite 
the following: — 

Aluminium, 

Cadmium, 

Carbon, 

Lead t 


Mangane.se, 

Nickel, 

Platinum, 

Silicon, 

Silver, 

Sodium, 

Titanium, 

Vanadium. 

conclusive, of the presence of 

Molybdenum, 

Palladium, 

. Uranium, 

Zinc. 
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As tu carbon, however, tho spectrum 1 b so peculiar, consisting of 
bands rather than linos, tlmt it 10 very difficult to be sure, but the 
tendency of the latest investigations (of Rowland and Hutchins) is to 
establish its right to n place on tho list, 

Tho mows recent researches have thrown much doubt on the presence of 
eovoml substances which, a few years ago, wero usually included in the list, 
ns, for instance, strontium and cerium. It has been generally admitted also 
that the photographs of Dr, Ilonry Draper had demonstrated the presence 
of oxygon in the sun, represented in tho solar spectrum, nob by dark lines 
iiko other olomonts, but by certain wide, bright bands. The latest work, 
wliilo It does not absolutely refute Dr. Draper’s conclusion, appears however 
to turn the balance of evidence tho other way. 

317. It will bo .noticed that all the bodies named in the list, carbon 
alone oxoepted, arc metals (chemically hydrogen le a metal)> and that 
a multitude of tho most important terrestrial clonicuta fail to appear; 
oxygen (?), nitrogen, chlorine, bromine, iodine, sulphur, phosphorus, 
nracnle, and boron are all missing. # We must bo cautious, however, 
ns to negative conclusions. It is quite conceivable that the spectra of 
thoso bodies under solar conditions may bo so different from their spec¬ 
tra ns prosouted in our laboratories that wo cannot recognize them ; for 
It Is now quito certain that some substances, nitrogen, for iuBtaucc, 
under different conditions, give two or more widely different spectra. 

Among the many thousand lines of tho solar speotrum only a few 
hundred arc bo far identified. 

318. Mr. Lookyer'fl Views* — Mr. Lookyor thinks it more prob¬ 
able that tho missing substances are not truly elementary, but are 
decomposed or 44 dissociated"” on the sun by tho Intense heat, and so 
do not exist there, but aro replaced by their components; ho believes, 
in fact, that 110110 of our Bo-onlled olomonts aro really elementary, but 
tlmt all are decomposable, and, to some extent actually decomposed 
in tho sun and stars, and some of them by tho electric spark In our 
own laboratories. Granting this, a crowd of interesting and remark¬ 
able spootroseopio facts find easy explanation. At tho Bame time the 
hypothesis 1 b encumbered with groat difficulties and has not yet beeu 
finally accepted by physicists and ohonuBts, For a full statement 
of his views the roador ta referred to his 44 Chemistry of the Sun.” 

310. The Reversing Layer. — According to KirchhotFa theory the 
dark lines aro formed by tho passing of light from tho minute solid 
and liquid particles of which the photospherlo clouds are supposed to 



be formed, through vapors containing the substances which wc recog¬ 
nize in the solar spectrum, If tins be so, the spectrum of the gaseous 
envelope, which by its absorption forms the dark lines, should by itself 
show a spectrum of corresponding bright lines. The opportunities are 
of course rare when it is possible to obtain the spectrum of this gus- 
stratum alone by itself; but at the time of a total eclipse, at tlio 
moment when the sun’s disc lias just been obscured by the moon* 
and the sun’s atmosphere is still visible beyond the moon’s limb* 
if the slit of the spectroscope be carefully adjusted to the proper 
point, the observer ought to see this bright-line spectrum. The 
author succeeded in making this very observation at fclto Spanish 
eclipse of 1870. The lines of the solar spectrum, which up to the 
final obscuration of the sun had remained dark as usmil (with the 
exception of a few belonging to the spectrum of the chromosphere) * 
were suddenly “ reversed,” and the whole length of the spectrum was 
filled with brilliant-colored lines, which flashed out quickly and tlioti 
gradually faded away, disappearing in about two seconds —-a most 
beautiful thing to see, Substantially the same thing hns since thou 
been several times observed, 

320, The natural interpretation of this phenomenon is, that the formation 
of the dark fines in the solar spectrum is mainly, at least, produced hy a very 
thin layer close down to the photosphere, since the moon's motion in two seconds 
would cover a thickness of only about 500 miles, It was not possible, how¬ 
ever, to be certain that ull the dark lines were reversed, and in this uncer¬ 
tainty lies the possibility of a different interpretation. Mr. Loolcyor doubts 
the existence of any such thin stratum* According to his views the solar 
atmosphere is very extensive, and those'lines of iron, which cor 1 respond to 
the more complex combinations of its constituents, are formed only in the 
regions of lower temperature, high up in the sun’s atmosphere. They should 
appear early at the time of an eclipse and last long , but not bo very bright. 
Those due to the constituents of iron which are found only close down lo 
the solar surface should be short and bright; and he thinks that the 
numerous bright lines observed under the conditions stated are duo to such 
substances only. Observation needs to be directed to the special point to 
determine whether all of the dark lines are reversed at the eelgo of the sun, 
or only afew; and if so, what ones. 

321. Sun-Spot Spectrum. —This is like the general solar spectrum, 
except that certain lines are much widened, while certain otherm are 
thinned, and sometimes the lines of hydrogen become bright, It Is 
to be noticed that by far the larger proportion of the dark lines of any 
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given substance are not affected at all in the spot spectrum, 1 »t only 

a certain few of them, a point 


v 


r 



which Mr. Loekyer counklors very 
import an!:. Not infroquontly it 
happens that certain linos of the 
spectrum arc crooked and broken 
in connection with snn spots, as 
shown by Fig*. 112. Such phe¬ 
nomena are caused, according* to 
Doppler's principle by the swift 
motion of matter towards or from 
the observer. Iu the particular case shown in the* figure, hydrogen is 
the substance, and the greatest motion indicated was towards this 
observer at the rate of about 300 miles a second— an unusual velocity. 
These effects are* most noticeable, not in the spots, but near thorn, 
usually just at the outer edge of the penumbra. 


Oh. 4371 4G 111 2 h 6 I ,n 

Flfl. 112. 

The C line in the Spectrum of a Sun Spot, 
* Sept. 22,1870. 


The dark and apparently continuous spectrum which is duo to the minimis 
of a sun spot is not truly continuous, but under high dispersion is resolved 
into a range of extremely fine, close-packed, dark lines, separated by narrow 
spaces. At least this is so in the green and blue portions of the Hpectmm ; it 
is more difficult to make out this structure in the yellow and red. It appears 
to indicate that the absorbing medium which fills the hollow r>f a sun mjioI 
is gaseous , and not composed of precipitated particles like smoko, as Ihih 
been suggested. 


1 Doppler’s principle is this: that; when we are approaching, or approached by, 
a body which is emitting regular vibrations, then the number of wiivch received 
by us in a second is increased, and their wave-length correspondingly diminished ? 
and vice versa when the distance of the vibrating body is increasing^. Thus tlio 
pitch of a musical tone rises while we are approaching the sounding body, and 
falls as we recede; in just the same way the 0 refrnngibility " of the* rays, sny of 
hydrogen, emanating from the sun is increased (the wave-length being shortened) 
whenever we are approaching it with a speed which bears a sensible ratio to the 
velocity of light. Calling \ the wave-length of the ray when the observer und 
the luminous object arc relatively at rest, and \ f the wave-length ns affected by 
their relative motion; putting Fa Iso for the velocity of light (about 1 80,330 miles 
per second), and s for the speed with which the observer and source of light 
approach each other, we linye 



[If tlie distance is increasing instead of diminishing, the denominator will ho 
( — 5 ).] With the most powerful spectroscopes motions of from one to two miles 
per second along the line of sight can thus he detected. 
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322, The Chromosphere,—The chromosphere Is a roglon of tho 
sun’s gaseous envelope which lios eloao ribovo the photosphere, the 
44 reversing layer” if it exists at all, being only the most dense and 
hottest part of it. The chromosphere is so called, beoause as seen 
for an instant, during a total solar eclipse, it is of a bright scarlet 
color, the color being duo to the hydrogen which is its main constit¬ 
uent, It is from 6000 to 10,000 miles in thickness, and in structure 
is very llko a sheet of Bcarlot Homo, not boing composed of horizon¬ 
tal sheets, but of (approximately) upright filaments, Its appearance 
has boon compared very accurately to that of 41 a prairie on fire” ; 
blit the student must carefully guard against tbo idea thnt thoro is 
any real 44 burning 11 in the case; i,c., any proems of combination 
between hydrogen and some other substanco. The temperature Is 
altogether too high for any formation of hydrogen compounds at the 
sun’s surface, 

t 323. The Prominences. — At a total eclipse, aftor the totality 1ms 
fairly sot in, thoro are usually to be scon at the edgo of the moon’s 
dlso a number of Bcarlct, stnr-liko objects, which in tho toloscopo 
appear as beautiful, fiery clouds of various form and size. Thcso are 
tho so-called which very non-committal namo was 

given while it was still doubtful whether they wore solar or lunar. 
Photography, in 18G0,- proved that they really belong to the sun, 
for tho photographs taken during tho totality showed that tho moon 
obviously moves over thorn, covering those upon tho oastorn limb, 
and uncovering those upon the wostorn. 

Their spectrum, first observed in 18(18, is gaseous, i.o., Wight-lined^ 
tho lines of hydrogen boing especially conspicuous. Thoro arc, 
however, a number of other bright linos, — among them the violet 
II and K lines usually ascribed to calcium, aiul a yellow line 
(known as D a because it is near tho two D linos of sodium), 
which is due to soma unidentified element provisionally named 
u helium 

In connection with this oclipso, Janssen, who observed it in In¬ 
dia, found tiiat tho lines of the prominence spectrum woro so bright 
that he was able to observe them tho next day aftor the eclipse in 
full sunlight ? and he also found that by a proper management of 
his instrument he oould study tho form and behavior of the promi¬ 
nences nearly as well without an eolipso ns during one. Lockyor, 
in England, some time earlier had come to similar conclusions from 
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given substance me not affected at all m the spot spootimn, but only 

a ceitam tv w of them, a point 
winch Mi Loakyor consult 1 ! s \eiy 
important, Not inficquontly it 
happens that cetlam lines of the 
spectinm uro ctooked and In often 
in connection with sun spots, as 
shown by Fig* 112. Kitoh phe¬ 
nomena are caused; accoidin# to 
Dopplet'is piniLiple* 1 by the 
motion of mallei tow aids or fiom 
the obsetra In the paiticulai ease shown in the*flgme, hydiogon ia 
the substance, and the gieatesl motion inchon tori was towards the 
obseivei at the 1 ate of about. 300 miles a second — an unusual velocity 
These effects me most noticeable, not in the spots, but near them, 
usually just at the outei edge of the pemunbia 

The dm L and fippaiently continuous speHium which is due to thoimcUum 
of a sun spot is not tmly continuous, hut undoi high dispersion is lesolvnl 
into a tango of extiemely fine, close packed, dailc lines, sopuialed by mu low 
spaces At least this is so in the gieen mid blue poi turns of the spec luun , it 
is moie difficult to make out this sfci uctuiein the yellow and iod It appeals 
to inchoate that the absoibing medium which fills the hollow of a Him spot 
?s gamaiy and not composed oi piocipitated pmticlos like Rtnoko, an has 
been suggested 



The CUnc f n the Spectrum of n Sun Hpot, 
* Sept 22,1870 


1 Doppler's punuplo is this that when we me approach big, m appj oflclmd bj, 
a body which is emitting ugulai vitiations, then the nuuibei of waves iogcIvihI 
by us in a second is tnermsed, and then nave length coirespowhngl,> (hmimhal, 
and vice msa when the distance of the vibrating body is niciimaing Thu# Hi© 
pitch of a musical tone rises while wc mo appi caching the sounding body, untl 
falls as we recede, in just the Mime way the u refiangibilUj ” of the ra>s, an) of 
hjdrogeu, emanating from the sun is incieased (tbo wave length being shoi tent'd) 
whenever we me approaching it with a speed width boms a sensible nitio In Ihn 
velocity of light Calling \ the wave length of the uiy when the obseivm mill 
the luminous ob/ect are relatively at jest, and \ 1 fho wave length ns affected In 
ihefrrelatn emotion, putting Kahofoi the velocity of light (about 1«0,330 miles 
per second), and $ for the speed (nth which the obseivei and souico of light 
eppi oach each other, we have 



p 

[If the distance is increasing instead of diminishing, the denominator will be 
(I s) ] With the most powerful spectroscopes motions of from one to two niilus 
per second along the line of sight can thus be detected 
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322. Tko Clu’omosphere.—Tho chromosphere is a region of the 
min's gaseous envelope which lies close above the photosphere, the 
“ reversing layer “ if it exists at all, being only the most dense and 
hottest part of it. Tho chromosphere Is so called, because as seen 
for an instant, during a total solar eclipse, it is of n bright scarlet 
color, the color being due to the hydrogen which is its main constit¬ 
uent. It Is from bOOO to 10,000 miles in thickness, and in structure 
is very like a sheet oT scarlot llamo, not being composed of horizon¬ 
tal sheets, but of (approximately) upright illaments. Its appearance 
has been compared very accurately to that of u a prairio on Are” ; 
but tho student must carefully guard against the idea that there is 
any roal 44 burning 11 in the caso; t.e., any process of combination 
between hydrogen and some other substanoe. The temperature is 
altogether too high for any formation of hydrogen compounds at the 
sun’s surface. 

t 323. Tho Prominences. — At a total eclipse, after tho totality lias 
fairly sot in, there are usually to bo seen at the edge of the moon's 
disc a number of scarlet, star-like objects, which in the telescope 
appear as beautiful, Aery clouds of various form and size. These are 
tlio ho- called which very non-committal name was 

given while it was still doubtful whether they were solar or lunar. 
Photography, in 1800,- proved that they really belong to the sun, 
for tho photographs taken during tho totality showed that the moon 
obviously moves over them, covering those upon the eastern limb, 
and uncovering those upon the western. 

Their spectrum, first observed in 1868, is ga$eous } i.e,, bright-lined , 
tho linos of hydrogen being especially conspicuous. There are, 
however, a number of ofclinr bright lines, — among them the violet 
U and. K linos usually ascribed to oalonim, and a yellow line 
(known os 7A because it is near the two D lineB of sodium), 
which is duo to some unidentified clement provisionally named 
“ helium f 

In connection with this eclipse, Janssen, who observed it in In- 
ilia, found that tho lines of the prominence spectrum were so bright 
that he was able to observe them the next day after the eclipse in 
full sunlight; aud he also found that by n proper management of 
his instrument lio could study the form and behavior of the promi¬ 
nences nearly as well without an oollpse as during one. Lockyer, 
in England, bo me time earlier had corns to similar conclusions fiom 
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tlieoiuliuil giomuls, and lie piaclicullj perfected his dmooveiy u lew 
weeks latei than Janssen, although without knowledge ot uhut ha 
hacl done By a lcmmkable but accidental eomcideneo tlu*u dmem* 
enes wens communicated to the Fi ouch Academy on the Maine duy ; 
and in then honoi thoFionch have stiuek a medal homing their umled 
efiigies, 


324 How the Spectroscope makes the Pionnnonoos Visible 
The only leason wo cannot see the pioimneueos at any time ih on 
account ot the bright illumination of our own atmoMpheie Wo cun 
scieen oft the duect light ot the sun, hut we cannot si wen olY tliu 
leflccted sunlight coming fiom the an winch is duoclly between ns 

^_, and the piommonces themselvoH | a light 

so bnlliant that then piommencoH eunnot 
bo scon tin on gh it without some kind nf 
aid 

The spectrum of this an-light ih, of com we, 
just the same as that of llio min —u con¬ 
tinuous spcctimn with the name daik lines 
ns upon it. When, theicfoie, we anange tlie 

S]jocll oacopo »nt luijustui for appaiatus as indicated m Fig, lift, pointing 
noneea the telescope so that the image of the nun « 

limb just touches the slit of the spectro¬ 
scope, then, if theic is a piominoncc at that point, we shall have in 
om spectroscope two speotia supeiposcd upon each other j namely, 
the spectium of the air-il hi mi nation and that of the piommonoe 
The lattei is a speetium of Inu/hi hi ics, oi, if the silt Im opened 
a little, of blight mage* of whatover pail of the pronummeo may 
fall within the edges of the slit, Now* the brightness of Hume 
images is not aftcctcd hv an^ increase of dispel sion m the spool! o- 
scope Inciease 1 of dispcisiou meioly sets theso images fiuthei 
apait, without making them famtei, The spectrum of the aeiml illu¬ 
mination, on the otliei liand, is made voiy faint hy its extension , and, 
moieovei, it p)esen/s chtih lines (or spaces when the «ht is opened 1 ) 
precisely at the points whoic the luiglit images of the piommencoM 

A epectioscope of dispoisive powei suQlciont to divide the two K 
lines, attached to a telescope of forn or five m alien apertiu o, given a 


1 Too high dispersion Injures the definition, howovei, beomwo the lines in the 
spectrum of lijthogen are rathei brond anti hn/y. 
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very satisfactory view of these beautiful objects; the red image cor¬ 
responds to the O line, and is by far the best for such observations, 
though the I ) 3 lino or tile F lino cau also be*used. When the instru¬ 
ment is properly adjusted, the slit opened a little, and the image of 
tho sun’s limb brought exactly to the edge of the slit, the observer 
at tho eye-piece of the spectroscope will see things about as we have 
attempted to represent them in Fig, 114 j as if lie were looking 
at the clouds in an evening sky through a slightly opened window- 
blind. 

326. Different Kinds of Prominences j Their Forms and Motions. 

The prominences limy bo broadly divided into two classes,— 
the quiescent or diffused, and the eruptive or “metallic,” as Secchi 
calls them, because they show 
in their spectrum the lines of 
many metals besides hydrogen. 

Tho former, illustrated by Fig. 

11 f) (see p. 200), are immense 
clouds, often 00,000 miles in 
height, and of corresponding 
horizontal dimensions, cither 
resting upon the chromosphere 
or connected with it by slender 
stems like great banyan-trees. 

They are not very brilliant, and 
are composed almost entirely 
of hydrogen and “helium.” 

They often remain nearly un¬ 
changed for days together as 
thoy pass over the sun’s limb. 

They are found on all portions of the disc, at the xioles and equator 
us well as in the spot zones. Some of them are clouds floating 
entirely detached from tho sun’s surface. 

Usually these clouds are simply the remnants of prominences which 
appear to have boon thrown up from below, but in some eases they 
actually form and grow larger without any visible connection with 
the chromosphere—a fact of considerable importance, as showing in 
thoso regions tho presence of hydrogen, invisible to our spectroscopes 
until Bomohow or other it is made to give out the rays of its famil¬ 
iar spectrum. All the forms and motions of the prominences, it 
may be said further, seem to indicate the same thing — that they 



Fio. 114. 

Tho Chromosphere and Prominences Been In the 
Spectroscope. 
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VorOvnl Kllnmoiue, 


Oyislone, 


Prominence* Sopt, 7,1871,12,30 p.si. 



Stimo at 1,15 p.m. 




Finnic, Jcte near Sim's Limb, Oct. 6,1871. 


Fm, 110, 

Eruptive Prom indices. From « The Sim," By Permission of D, Appleton & Co. 
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exist and move, not in a vacuum , but in a medium of density com* 
parable with their own, as clouds do in our own atmosphere. 

328. The eruptive prominences, on the other lmnd, are brilliant 
ruid ^active, not usually so largo ur the quiescent, but at thnen 
enormous, reaching elevations of 100,000, 200,000, or oven 100,00(3 
miles. They arc illustrated by Fig. 116, Most frequently they urn 
in the form of spikes or flames; but they present also a great variety 
of oilier fantastic shapes, and arc sometimes so brilliant as to ho 
visible with the spectroscope on the surface of the sun itself, and not 
merely at the limb. Generally prominences of this class are asso¬ 
ciated with active sun spots, while both classes appear to ho con¬ 
nected with the faculrc. The figures given are from drawings of 
individual prominences that have been observed by the author tit 
different times. 

These solar clouds are most fascinating objects to watch, on ac¬ 
count of the beauty of their forms, and the vapidity of their uluiuguH. 
In the case of the eruptive prominences the swiftness of the elmugoH 
is sometimes wonderful — portions can be actually scon to move, mid * 
this implies a real velocity of at least 250 miles n second, so that it 
is no exaggeration to speak of such phenomena ns veritable “ explo¬ 
sions ” : of course, in such cases the lines in the spectrum are greatly 
broken and distorted, and frequently a u magnetic .storm ” follow** 
upon the earth, with a brilliant Aurora Borealis, 

I he number visible at a single time is variable, but it is not very 
unusual to find as many as twenty on the Binds limb at once. 

. 327. The Corona,—This is a halo, or “glory,” of light which mir- 
vounds the sun at the time of the total eclipse. From the re mot out 
times it has been well known, and described with enthusiasm, as boing 
certainly one of the most beautiful of natural phenomena. 

I he portion of the corona nearest tho sun is almost dazzling! y bright, 
with a greenish, pearly tinge which contrasts finely with the actiVlut 
blaze of the prominences. It is made up of streak* and tlhumnilB 
which on the whole radiate outwards from the sun's disc, though 
they arc in many places strangely curved and intertwined. Usually 
these filaments are longest in tho sun-spot zones, thus giving Ihu 
corona a more or less quadrangular figure. At tho very polun of 
the sun, however, there are often tufts of sharply doflncd threads. 

For the most part the streamers have a length not much emitted- 
le sun s ladius, but some of them at almost every eclipao go 
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iiir hoyond this limit, In the clear air of Colorado during the eclipse 
of 1878, two of them could be traced for five or six degrees, : —a 
distance of at least i),000000 miles from the sun. A most striking 
feature of the corona usually consists of certain dark rifts which 
reach straight out from the moon’s limb, clear to the cxtremest limit 
of the corona, 

The corona varies much in brightness at different eclipses, and of 
course the details are never twice the same. Its total light under 
ordinary circumstances is at least two or three times as great as that 
of the full moon. 


328. Photographs of the Corona, —While the eye can perhaps 
grasp some of its details more satisfactorily than the photographic 
plate can do, it is found that drawings of the corona are hardly to be 
trusted. At any rate, it seldom happens that the representations of 
two artists agree sufficiently to justify any confidence in their scientific 

17 



Fin, 117. — Corona of ttio ^Egyptian Ecllpso, 1882, 


accuracy. Photographs, on the other hand, may be trusted ns far as 
they gor, though they may fail to bring out some things which are 
conspicuous to the eye. Fig. 117. to from the photograph of the Egyp¬ 
tian eclipse of 1882, when a little comet was found close to the sun. 


Of course, as in the case of the prominences, the only reason we canno 
see the corona without an eclipsed sun is the illumination of tilths 
atmosphere. If wo could ascend above our atmosphere, and uianage to e* at 
and to observe there, we could sec it by simply screening off the sun s disc. 
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So long, however, as the brightness of the illuminated air is more than about 
sixty times that of the corona, it must remain invisible to the eyu, Dr# 
Huggins has thought that it might be possible by means of photographs to 
detect differences of illumination less than 6 l 6 (the limit of the oyo’a percep¬ 
tion), and so to obtain pictures of the corona at any time; especially as it 
appears that the coronal light is far richer in ultra-violet rays (the photo¬ 
graphic rays) than the general sunlight with which the air is illuminated. 
His attempts so far, however, have yielded only doubtful success. 

329, Spectrum of the' Corona. — This was first definitely observed 
iu 1839 during the eclipse which passed over tho western part of the 
United States in that year. It was then found that its most reimulm- 
ble characteristic is a bright line in the green, which tlm writer identi¬ 
fied as coinciding with the dark line at 1474 on the scale of KiiehhofPs 
map (A= 5316). This line was also observed by llarkncss. 

This result was for a time very puzy.ling, since the dark lino in question 
is given by Angstrom and other authorities as due to the spectrum of iron 
The mystery has since been removed, however, by the discovery that under 
high dispersion the line is double, and that the corona lino coincides with 
the more refrangible of the two components, while the other one is the linn 
due to iron. We have as yet been unable to identify with any terrestrial 
element fcho substance to which this lino is due, but the provisional niiinn 
" coronittm ” has been proposed for it. The recent researches of Grihiowuld 
make it somewhat probable that both coronium and helium arc components 
of hydrogen, which (in line with Mr, Lockyer’s speculations) is supposed lo 
be partially decomposed under solar conditions. 

Besides this conspicuous green line, the hydrogen lines are also 
faintly visible in the spectrum of the corona; and by means of n pho¬ 
tographic camera used during the Egyptian eclipse of 1882, it xmn 
found that the upper or violet portion of the spectrum is very rich iu 
lines, among which II and K arc specially conspicuous. Them in 
also, through the whole spectrum, a faint continuous background, 
which, however, according to Mr. Lookyor’s statements, is not of 
uniform brightness, but ^handed” In it some observers luivo re¬ 
ported the presence of a few of the more conspicuous dark linos of 
the ordinary solar spectrum, but the evidence on this point is rather 
conflicting* 

( ^ during the totality we look at the eclipsed sun with a diffrac¬ 
tion grating, or through a prism of high dispersive power, wo see throe 
rings which are really images of the corona. One of them, tho bright¬ 
est and the largest, is the green ring due to tho 1474 line; tho others 
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arc a red ring duo to 0, and a blue one duo to the F lino of 
bydrogon. 

330. Nature of the Corona, — It is evident limb tho corona ie a 
truly solar and not merely an optical or atmospheric phenomenon, from 
two facts : 11 rat i the identity of tie tail in photoffvuphs made at widely 
separate stations In 1871, for instance, photographs wero obtained at 
the Indian station of Iloknl, in Ceylon, and in Java, three stations sepa¬ 
rated by ninny hundreds of miles; but, excepting minute differences 
of (letnil y such as might be expeoted to Imve resulted from the change b 
that would naturally go on in the corona during tho half-hour while 
tho moon’s shadow was travelling from llekul to Java, all tho photo¬ 
graphs agree exactly, which of course would not be tho case if the 
corona depended in any way upon the atmospheric conditions at tho 
observer’s station. 

Second (but first historically)) the 'presence of bright lines in the 
sjwctrim of the corona proves that It cannot he a terrestrial or lunar 
phenomenon, by demonstrating tho presence in tho corona of a self* 
luminous gas, which observation fails to find olllior near to tho moon 
or In our own atmosphere. It must, thereforo, ho at the mm. 

Hut while it is thus certain that tho corona contains luminous gas, it 
also Is very likely that finely divided solid or liquid matter may be pres¬ 
ent in tho corona; that is, fog or dust of some kind, 1 

331. The corona cannot be a truosolar atmosphere 1 * In any strict 
bgubc of the word. No gaseous envelope In any way analogous to tho 
earth’s atmosphere could possibly exist there In gravitational oquU 
librium under tho solar conditions of pressuro and temperature. Tho 
corona is probably a phenomenon due somehow to tho intense activity 
of the forces there at work; meteoric matter, oomotlo matter, matter 
ejected from within tho aim, are all concerned. 

That this matter Is inconceivably rare is evident from tho fact that 
iu aovoml cases comets have passed directly through tho corona without 
oxpcrioncing the least perceptible disturbance of their motlous, It Is 
altogether probable that at a very few thousand miles above tho sim'a 
surface, its density becomes far less than that of tho best vacuum wo 
can inalco in an electric lamp, 

1 Tills 1 b huliunieil by tho partial radial polurixallon of tho light of tho coro m.j/j. 
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CHAPTER IX. 

THE SUN’S LIGHT AND HEAT: COMPARISON Off SUNLIGHT WITH 
ARTIFICIAL LIGHTS. — MEASUREMENT OF THE HUN’fl 1IKAT, 

AND DETERMINATION OF THE 44 SOEAR CONSTANT.”- PVR- 

HELIOMETER, ACTINOMETEIl, AND BOLOMETER.—THE HUN'h 
TEMPERATURE, — THEORIES AS TO THE M AINTJ3N A N O V* OF 
THE SUN’S RADIATION, AND CONCLUSIONS AS TO THIfl HUN'H 
POSSIBLE AGE AND FUTURE DURATION* 


332. The Sun’s light, — The Quantity of Sunlight t It is vo \y oitsy 
to compare (approximately) sunlight with fcho light of a sltimliml 1 
candle; and the result is, that when the sun is in the zenith, it illumi¬ 
nates a white surface about 00,000 times .ns strongly ns a atrimhinl 
caudle at a distance of one metre, If we allow for the iitinosphorks ab¬ 
sorption, the number would be fully 70,000. If wo thou multiply 7(J»tMJO 
by the square of 150,000 million (roughly the number of metros in 
the sun’s distance from the earth), we shall get what a gas engineer 
would call the sun’s u candle power” The number comes out IfiVn 
billions of billions (English); i.e t> 1575 with twenty-four cipher** 
following, 


333. ^ One way of making the comparison is the following: Arran go mat¬ 
ters as in Fig. 118. The sunlight is brought into a darkened room by a 
inmoi which reflects the rays through a lens L of perhaps half an inch in 
dinmetei. After the rays pass the focus they diverge and form on tins 
screen S a disc of light, the size of which may be varied by changing Ilia 
wtance of the screen. Suppose it so placed tliat the illuminated omdu i* 
just ten feet in diameter; tlmt is, 240 times the diameter of the loim. Thu 
i animation o the disc will then be less than that of direct sunlight in 
the ratio of *.40 (or 57,000) to 1 (neglecting the loss of light produced by 


♦ L* { lT' C *! ik * 1g * s a spGrni candle weighing one-sixth of a pound and burin 

nhotompt * ** ^ l ° ^ ronc ^ w ^ ftree l huviier,” used as a standard in tholr 

wndlc An 2j U8t tlmes the 1 UR,lti ‘y of Hght given by this stnjitknl 

elufilenf H f 17? r T C ° 1,8l ’ ming flv6 feet m hourly gives a 1I R I,| 

equivalent to from twelve to fifteen standard candles. 
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the mirror nncl the lens, a Iors which of course imiRt bo allowed for). Now 
place a Hfcfclo rod like a pencil noav the semon, ns at P, light a standard 
candle, and move tho candle book and forth until the two shadow's of the 



pencil, one formed by the candle, and tlio other by the light from the Jcmn, 
aro equally dark. It will bo found that the ceuuUo 1ms to be put at a dlw- 
tanco of about one metro from tlie screen} though the results would vary u 
good doal from day to day with tlio olonrnoss of the air. 

334. When tho sun's light la compared with that of tlio full mou 
and of various stare, wo Hud, ns etntod (Art, 255)), that it (b about 
800,000 times that of the filll moon. It Is 7,000,000000 times os 
groat as tfio light received from Sirius, and about 40,000,000000 
times that from Vega or A returns. 

835. The Intensity of the Sun’s luminosity. —Tide Is a very 
different tiling from Uio total quantity of Us light, as expressed by 
its “ candle power” (a surface of comparatively feeble luminosity 
can give a great quantity of light If lnvgo enough), It Ib the amount 
of Uijht per square inch of hminoun surface whtch determines the 
intensity. Making Ilia necessary computations from the best data 
obtainable (only rough tali approximations being possible), it appears 
that tho aui^s surfaco la about 100,000 times ns bright as that of a 
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candle flame, and about 150 times ns 1 night as the lnno of the enh'inm 
light Even the dcukestpa)t of a sola) spot o?<N/ancs the lime, The 
intensely biilluuit spot in the so-called “ciutci '* o( an elec It it* tiu* 
comes neaiet sunlight than anything else Known, being from one-half 
to one-fomth us bnght as the smface of the sun itself lhit either 
the electilc aie or the calcium light, when interposed between the 
eve and the sun looks like a daik spot on the disc 

336 Comparative Slightness of Diffeient Portions of the Sun's 
Surface —By foiming a huge imago of the Rim, say a foot m di¬ 
ameter, upon a sciecu, we can compmc mill each othoi the lays 
coming tiom difteienfc paits of the sun's disc It thus appeal a Unit 
thrue is n gieat diminution of light at the edge, tho light there, Refold¬ 
ing to Piofessoi Picket mg's experiments, being just about one-tlnnl 
as stiong as at the centic Thcic is tih>o an obvious diffeicneo of 
coloi, the light fiom the edge of the disc being biowimh led as eom- 
paied with that fiom the centie Tho leasoa is, that the led and 
vellow lays of the spectmm lose much less of their bnghlness at the 
limb than do the blue and violet, According to Vogel, tho lattei ruYH 
ate affected neatly twice as much as the found For this toiiHon, 
photographs ot the sun exhibit the darkening of tho limb mueli inure 
stionglj than one usuaUv sees it hi the telescope 

337 Cause of the Barkening of the Limb, —It is duo unques¬ 

tionably to the goner'll absorption of the sun's rays by the lower por¬ 
tion of the overlying atmosphere 
The icason is obvious fiom the 

figme (Fig, 1 IS)) Th & thinner thin 

atmosphere, olhei things brill k 
equal, tlie gieater the ratio between 
the pe) cent age of absorption at the 
cent )e and edge of the disc, and 

- the mo )g obvious the darkening of* 
Fig 119 1 the limb 

Cause of Oic Dai kenlng of the Sun’s limb Attempts haVG 1)0011 math) lo 

determine from the obsoned dif- 
feiences between the bughfcness of centic and limb the lolul 
peicentagc of the sun’s light thus absorbed Unfoituimlolv wo lmvo 
to supplement the observed data with some very unccitnln nssunip- 

t>oiis in oidei to solve the pioblcm j and it can only bo said that 

it is v ,obabla that the amount of light absoibod by tho sun’s atinos- 
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phero lies botwoen fifty and nighty por cent; Lc., tlio buu deprived of 
its gaseous envelope would probably shine from two to five limes as 
brightly as now. It is noticeable also, as Langley long ago pointed 
out, that thus stripped, the u complexion” of the sun would be 
markedly changed from yellowish white to a good full blue, since the 
blue and violet rays are much more powerfully absorbed than those 
at tho lower end of the spoetrum. 

TIll'J SUN'S IIEAT, 

338. Its Quantity; the “Solar Constant.” By tho "quantity of 
heat” received by the earth from tho aim wo moan tho number of 
heat-units received in each unit of timo by a square unit of surface 
when the sun Is in tho zenith. Tho heat-unit most employed by 
engineers is tho caloric^ which is the quantity of heat required to 
rnlBo tho temperature of one kilogram of water ono degroo oentigmdo. 
It Is found by observation that ouch square metro of suvfaco exposed 
perpendicularly to the sun’s rays receives from tho sun each minute 
from twonty-llvo to thirty of tlieso calories ; or rather it would do ho if 
a considerable portion of the sun’s boat were not slopped by the earth’s 
atmosphere, whioh absorbs some thirty per cent of the whole, oven 
when tho sun is vortical, and a much larger proportion when tho sun 
is near tho horizon. This quantity, tivenij/-Jlue calories 1 per square 
metre per ininulo (using tho smaller of tho values mentioned, which 
certainly Is not too largo), is known iih tho u Solar Constant” 

339. Method of determining the » Solar Constant. 11 —Tho method 
by which tho solar constant is determined is simple onougli in prin¬ 
ciple, though complicated with serious practical dlffleulllos which 
affect its accuracy. It is done by allowing a beam of sunlight of 
known cross-section lo shine upon a known weight of water (or other 
substance of known tq>ecx/io heal) for a known length of lime , and 


l -For many Bolontlflc jmrposos tho engineering caloric Is inconveniently 
largo, nil(1 a simllor ono .is employed, which replaces the kilogram of water 
by tho (/ram healed ono degree — the smaller oalorlo being thus only of 
tho engineering unit, Ab stated by many writers (Langley, for Instance), the 
Bolnr constant la the number of these small calories received per square centimetre 
of surface In a minute, This would make the number 2.B liiBtend of 25. It 
would porluipa ho boiler to bring tho wliolo down to tho "o, g, a. ayatom" by sub* 
ati fcntlng Iho second for the minulo; and this would glvo ns for tho Bolnr coristanl, 
nti the u e, g, s. syatoin," 0,0417 (mail) calories per st/uare centimetre per second, 
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me«s?mii 0 thf use of tempeuxtuie It is nccessaiv, however, 1 o de¬ 
termine and allow foi the heat leceived fiom othei aoiuecH dining Urn 
expeument, and for that lost by radiation, Above all, the absorb¬ 
ing effect of onr own atmosphcic is to bo taken into account* nml 
this is the most difficult and uncoiUnn pint of the woik, since tho 
atmospheuo absoiption is continually changing with every olum&c of 
the Uanspaiency of the mi, 01 of the sun’s altitude 


* 


340 Pyrheliometeis and Aotmometers —The instalments with 
mIupIi these measuiements ate made, aic known as “pyihohmnclcis" tunl 



“actmoipoteis” Fig 120 lopiesonts Iho p^i- 
hcliometei of Pomllot, with wlnth in 1H3H litt 
made Ins doloi initiation of the solai coiifdanl, 
at the same limo that Sn John Ilmschnl Mils 
expeiimontnig at the Capo of Good Hope m 
piactically the Ratno way They woie llio 
fust appaiently to uiuUm stand and attack the 
pioblotn m a icasonablo inannoi Tim p>i- 
hclionietei consists essentially of a littlo cylni- 
dncal box «&, hko a snuffbox, made of Gun 
stiver plate, with a diametoi of ono docnuotni 
and such a thickness that it holds 100 gi tittm 
of watoi The uppoi smfacn is mucfully 
blackened, winks tho lost is polished as biill- 
lantly as possible, Tn tlio watoi is nisnilml 
the bulb of a delicate thoimouustei, and llie 
whole is so mounted that it can bo tin nccl In 
any duection so as to point it dncctly tnwai tin 
the sun It is used l>y fust holding a sen eon 
between it and tho sun lot (say) live minutes, 
and watching the use oi fall ol tho men c my in 
the theimometei at m Thmo will usually 1m 
some slight change duo to tlm mduitum uf 
sunounding bodies Tho soieeu is them n»- 


Fio 120 — PoiiIUdi’sP yrliellomtiei !°Ti T' *!“ T 1S tVll °* wl 10 KllllU ' 

y P le blackened sm face Foi Avo minutes, tin* 

mstiument being continually tinned upon 

M uT sl " oul ° l t0 ke <* tho water in the .. 

, „ StU 1 ed At t,le end of tlw fivo minutes tlio soioen is u-itliuvil 

? i H t6mpeiatme noted T1 >° c^ffdenco lieUeon 11 ms n.ul 

the change of the theimometei dm mg the fust five minutes will tnve us II,,• 

T°" n y ™ 1IC ’ a 1 beaui of s,lnll 8 llt °" e dponnoli o in diainoloi him uuned 
! , te T " e 0t 100 8 ’ amS ° f watei ™ minutes, and worn it no. f,„ 

value ui rSZsS ^ * ma<le> W ° Uld fui ' imh d,leu % «»■ 
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341. Tho second apparatus, Fig, 121, is tho nctinometer of Violle, wliicli 
coiifflHlH of two concentric mofciil spheres, the inner of which is blaokened on 
the iiiftido, while tlio outer one is brightly polished, the space between the 
two being filled with water at a known temperature, kept circulating by n 
pump of Homo kind. Tho thornioficopic 


body in this case, instead of being a box 

IIlied with water, is tlio blackened bulb 
of the thermometer T\ and tho obser¬ 
vations may bo made either in the same 
way us with tho pyrhollomotor, or simply 


lit' 

s \p 

by noting tho dinforonco botween the 
lemperature Anally attained by the thor- 



momotor T after it has censed to rise in 
tho miu’fi rays, and tho temperature of 
tlio water circulating in tho shell. 

V 

xS 


J 

342. Correction for Atmospheric 
Absorption. —Tho correction for at¬ 
mospheric absorption is determined by 
making observations at various altitudes 
of the arm bolweon zenith and horizon. — 





Tf Um rays were homoycncow (that is, Kin. 121 , — vioiio’a Aotluomoier. 
all of 0110 wave-length), it would ho 

comparatively onsy to doduco tho true correction and the true value of 
Urn solar constant. In faot, however, tho visible solar spectrum is but a 
small portion of tho whole spectrum of the sun’s radiance, and, ns Langley 
linn shown, it is necessary to determine thocoefllciontof absorption separately 
for nil tho rays of diituront wave-length. 

343, The Bolometer. — Thin ho has done by moans of his “ Bolometer,” 
an Instrument which is capable of indicating exceedingly minute changes in 
Urn amount of radiation received by an extremely thin strip of metal. This 
strip is ho arranged that the least change in Us electrical resistance due to 
any clumgo of temperature will disturb a delicate galvanometer. The 
inatruimnib is far more sensitive than any thermometer or even thermo¬ 
pile, and 1ms tho especial advantage of being oxtvomely quick in its re¬ 
sponse to any change of radiation. Fig. 122 shows it so connected with 
a spectroscope Mint tho observer can bring to the bolometer, B , rays of 
any wave-length ho chooses. Tlio rays enter through the collimatoi lens 
L, and Jiro then rofrnotod by the prism P to tho reflector M y whence they 
are sent lmck to 71, 

Langley lias shown that tlio corrections for atmospheric absorption deduced 
by oorlSuv observers are all considerably too small, and has raised the re¬ 
ceived vnlno of tho solar .constant from 20 or 25, which was the value 
accepted a few years ago, to 80. We have, however, provisionally retained 
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the 25, as his new results, though almost certainly correct, have not ycl 
been universally accepted, and perhaps need verification. 


344, A less technical statement of the solar radiation may I hi 



made in terms of thick ness of 
the quantity of ice which would 
be melted by it in a given time. 
Since it requires about eighty 
calories of heat to melt a kilo¬ 
gram of ice, it follows Mint 
twenty-five onlorios per minute 
per square metre would liquefy 
in an hour a sheet of ice out 1 - 
metre square and about nine- 
teen millimetres thick. Ac¬ 
cording to this the sun’s hunt 
would melt about 174 foot of 
iee annually on the earth's 
equator; or 1SG£ foot yearly nil 
over the surface of the earth, 
if the heat annually received 
were equally distributed in ult 
latitudes. (See note at ond of 
the chapter, page 227.) 


uunu xiuiii exprossou 
j . as Energy.—Since according to 

e known vnlueof the “mechanical equivalent of heat” (Physios, n. 
I»9) a horse-power corresponds to about 10^ calorics per minute', it. 
ollowa that each square metre of surface (neglecting the mr-nb.MOrp- 
i u) mould receive, when the sun is overhead , about two and onr- 
, 7torse -P° 1 ^' continuously. Atmospheric absorption cuts this 
d ?Z °” e one -'^f horse-power, of which about one- 

f ni .* V ,e a ° r lly l ' tl ' ZOd bj P , ' 0 P ei ' 1 3' constructed machinery, 

V-malev l S 6 ’ ! C S0,af e " ghies of E, ’ icssou w»d Mouchot (seo 
Langley s “ New Astronomy ”). In Ericsson’s apparatus the re- 

tlncThn ° Ut U feet . by 16 feet ' c °Eootod heat enough to work n 
i f» °°° rly "“T 1 ""8 " •»««(». about sixty mil,,. 

««12“"”” 'r' T "*“* “*• *• >“<“ «»«!/ ™- 

°* *“* l,m ” fM °f “« ««'*’» if employed in „ 
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perfect heat engine, would be able to hoist sixty tons to the height 
of a miln. 

340. Solar Radiation at the Sun's Surfaoe. —If, now, wc estimate 
the amount of radiation at the biiii’b surface Itself, we come to 
results avI l'ich nro simply amazing and beyond comprehension. It is 
necessary to multiply the solar constant observed at the earth (which 
is nt a distance of 93,000000 miles from the sun) by the square of 
the ratio between 93,000000 and 438,200, the radius of the sim. This 
squaro 1 b about 46,000 ; In otlior words, the amount of heat emitted 
in a mlmito by ft square metro of the sun’s surface is about 46,000 
times as great as tlmt received by a squaro metre at the earth. Car¬ 
rying out tho calculations, we find that this heat radiation at the sur¬ 
face of tlio sun amounts to over a million calories per square metre 
per minute; that it is over 100,000 horse-power per square metre 
continuously acting; that if the sun were frozen over completely to 
a depth of JlJhj feet ] the heal emitted is sufficient to melt this whole 
shell in one minute of time; that if an ice bridge could be formed 
from tho earth to tho sun by a column of ice two and one-fourth 
miles square at the base and extending across tho whole 98,000000 
of miles * and if by some means the whole of tho solar radiation 
could Iig concentrated upon this column, it would be melted in one 
second of time, and in between seven and eight seconds more would 
be dissipated in vapor, To maintain such a development of heat by 
-combustion would require the hourly burning of a layer of the best 
anlhractle coal from sixteen to twenty feel thick over tlio sun’s entire 
surface, —a ton for every square foot of surface, — at least nine 
times tiB much as tho consumption of tho most powerful blast fur¬ 
nace In existence. At that rato tho sun, if made of solid coal* would 
not last 0000 years 

347. Waste of Solar Heat, —lliese estimates are of course based on 
the UHHiunption that tlio sun radiates boat equally in all directions, and there 
is no assignable reason why it should not do so. On this assumption, how¬ 
ever, so far as we can sec, only ft minute fmotiou of tlm whole radiation aver 
roaches fv resting-plaoo. Tlio earth receives about of tho whole, and 

the otlior piano to of tlio solar system, with tho comets and tho meteors, get 
also Mi oil* shares; all of thorn together, perhaps ten or twenty times as much 
uh the oarth. Something Uko mw of the whole seems to bo utilized withm 
the limits of tho solar system. As for the rest, science cannot yet tell what 
becomes of it. A part, of course, reaches distant stars and other objects in 
interstellar space) but by far the larger portion seems to be “ wasted,» accord¬ 
ing to our humnn ideas of waste. 
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348. Experiments with the thermopile, first conducted by Henry 
at Princeton in 1845, show that the heat from the edges of the snips 
disc, like the light, is less than that from the centre — according 
to Langley's measurements about half as much, The explanation 
evidently lies in its absorption by the solar atmosphere. 

349. The Sun's Temperature. —While we can measure with Homo 
accuracy the quantity of heat sent us by the sun, it is different with 
its temperature^ in respect to which we can only say that it mimt be 
very high —much higher than any temperature attainable by known 
methods on the surface of the earth. 

This is shown by a 
number of facts, for In-, 
stance, by the great ab\n\* 
dance of the violet and 
ultra-violet rays in the 
sunlight. 

Pig* 123. Again, by the penetrat¬ 

ing power of sunlight; 
a large percentage of the heat from a common fire, for instance, 
being stopped by a plate of glass, while nearly the whole of the solar 
radiation passes through* 

I he most impressive demonstration, however, follows from this 
fact; viz., that at tlie focus of a powerful burning-lens all known 
substances melt and vaporize, as in an electric arc. Now at Urn 
focus of the lens the limit of the temperature is that which would 
be produced by the sun's direct radiation at a point where the sun'w 
angular diameter equals that of the burning-ions itself seen from fcho 
focus, as represented in Fig. 123* An object at F would theoreti¬ 
cally (that is, if there was no loss of heat conducted away by mir- 
i minding bodies and by the atmosphere) reach the same temperature 
as if carried to a point where the sun's angular diameter equals the 
angle LFIJ, In the most powerful burning-lenses yet construeLucl 
a body at the focus is thus virtually carried up to within about 
240,000 miles of the sun’s surface, where its apparent diameter 
would be about 80°. Here, as lias been said, the most refrac¬ 
tory substances are immediately subdued. If the earth were to ap¬ 
proach the smi as near as the moon is to us, she would melt and be 
vaporized, 



350. Ericsson m 187*2 made an exceedingly ingenious and interesting 
experiment illustrating the intensity of the solar heat. He floated a cnlor- 
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hnetcr, containing about ton pounds of water, upon the surface of a large 
inium oC mol Uni iron by moans oE a raft of fire-brick, and found that the 
radiation oE the motal was a trifle over 260 calories per minute for each 
square foot of surface; which is only ^ part of fclio amount emitted by Llm 
Kama area of tho sun’s auvfucc. lie estimated tlm temperature of the metal 
lit 11000° F, or 1(J40° C. 

361. Effeotive Temperature, — Tho questiou of tho sim’a temper* 
uturo ia emlmmsHed by tho fact that it has no one temperature; the 
temperature ut dilYoronb parks of the solar photosphere and chromo¬ 
sphere must bo vory different, "\Ve evade this difficulty to some 
extent by substituting for tho actual temperature, ub the object of 
inquiry, wlmt 1ms been called the sun's "effective temperature ”; that 
1 h, tho temperature which a sheet of lampblack must have in order 
to radiate the amount of heat actually thrown off by the biui. (Phys- 
iolatfi have tnken tbo radiating power of lampblack ns unity.) If we 
could depend upon the laws 1 deduced from laboratory experiments, 
by which It hits boon sought to connect tho temperature of the body 
with its rate of radiation, tho matter would then be comparatively 
simple: from the known radiated quantity of heal (in calories) we 
could compute the effective lemiicralurc in degrees. But at present it 
1 h only by a vory unanliHlftCtory process of extrapolation that wo can 
reach eonohmionB, Tho sun's temperature is bo much higher than 
any which wo can manage in our laboratories, that there is not yet 
much certainty to bo obtabicd in tho matter. Rosetti, the most 
recent investigator, whoso results seem to be on the whole the most 
probable, obtains 10,000° C. or 18,000° F. for the effective tempera¬ 
ture. 

362. Constancy of the Sun’s Heat. — It la an interesting and thus 
far unsolved problem, whether tho total amount of the sun's radia¬ 
tion viu’Ich perceptibly fit different times. Tt is only certain that the 
variationH, if real, are too small to be detected by our present means 
of observation* Possibly, at some time In the future, observations 
on a mountain summit above tho main body of our atmosphere may 
decide tho question. 

i A number of such laws liavc been formulated; for Instance, tho well-known 
Lnw of Balong ami Pollt (lUiyslcs, y. 470). Tim French plijrslclsta Ftmlllet and 
Vicnirt*, using this formula, have cl educed values for the ann J s effective temper¬ 
ature ranging from 1600° to 2600° C. Ericsson mid Seech!, using Newton s law 
of radiation (which, however, la certainly Inapplicable under the cJrcumstBnces), 
put tho figure among (ho millions. Zullner, Spiircr, and Lane give values rang¬ 
ing from 25,000° to 00,000° C. 
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It is not unlikely that changes in the oaith's climate such ns 
have given use to glacial and caibomteious pounds may ultimately 
be traced to the condition of the sun itself, especially to changes m 
the thickness of the absorbing atmosphere, winch, us Langley has 
pointed ont, must have a gieat indue nee in the mattoi »Suice the 
Christian era, however, it is ceitam that the amount of heat annually 
received tiom the sun has icmamed piaetically unchanged This is 
inferred from the distribution of plants and animals, which is still sub* 
siantially the same as m the days of Pliny 

353 Maintenance of the Solar Heat —The question at oncis 
arises, if the sun is sending off such an enormous quantity of limit 
annually, how is it that it does not grow cold? 

(a) The sun’s heat cannot bo kept up by combustion Ah 1ms 
been said befoie, it would have binned out long ago, even if made 
of solid coal huinmg in o\ygen 

{b) Nor can it be simply a heated body tooling down * Itugc au it 
is, an eus} calculation shows that its tempeiaturc must luivc fallen 
greatly within the last 2000 ycais by such a loss of heat, even if it 
lmd a specific heat higher than that of any known substance. 

As matters stand at present, the a\ailable thcoiics seem to bn 
ieduced to two, — that of Ma^ci, which ascribes the soliu heat to 
the energy of meteonc matter falling on tho sun , and that of Helm¬ 
holtz, w ho finds the cause m a slow contraction of tho sun's diamotor. 


354 Meteonc Theoiy of Sun’s Heat —The Hist is based on lire 
fact that when a moving body is stopped, its mass-cnoigy becomes 
molecular eneigy, and appears mainly as heat, The amount of limit 
developed m such a case is given by the formula 


m ulnch Q is the numbei of calones of heat pioduccd, M tho nmss 
of the inoMng both m kilograms, and V its velocity m motics 
pei second , the denominator is the “ mechanical equivalent of hemt” 
Physics* p 159) multiplied by 2 g expressed m metros ; uc , 4 25 x 
2x9 31 

Now, the velocity of a body coming fiom any considerable distance 
mid falling into the sun can be shown to bo about 880 miles nor 
second, 01 moic than 010 kilometios A liody weighing one krtogiuiu 
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would therefore, on striking tho aim with this velocity, produce about 
45,000000 calories of heat, 

r ((iiQQoo) n 
L «8fty J 

This is G000 times more than could be produced by burnimj It, ovon 
if it were coal or solidified hydrogen burning in pure oxygen. 

Now, as mQtoorio matter is continually falling upon the earth, it 
rmiBfc bo also falling upon the sun, and In vastly greater quantities, 
and an easy calculation shows that a quantity of meteoric matter 
equal to ^ of the earth's mass striking the sun’s surface annually 
with the velocity of GOO kilometres por second would account for its 
whole radiation. 

355. Objections to Meteoric Theory of Sun’s Heat. —There can bo 
no question that a certain fraction of tho sun’s heat is obtained in this 
way, bub.it is very improlmblo that this fraction is n largo one; 
indeed, it is hardly possible that it can be as much as one per cent of 
the whole, 

(1) Tho annual fall on tho aim’s surface of such a quantity of moteorlo 
matter implies Lho presence near tho sun of n vastly greater mass; for, as wo 
shall see hereafter, only a few of tho meteors that approaoh tho aim from 
outer space would strike tho surface: most of them would net like the 
comets and swing around it without touching. Now, If thoro wore any 
considerable quantity of such matter near the sun, thorn would result dis¬ 
turbances hi Hio motions of tho planets Mercury and Vonns, such us obser¬ 
vation dons not rcvoal. 

(2) Professor Pelrco has shown further that if the heat of the sun were 
produced in tins way, tho earth ought to receive from Lho meteors that strike 
her surface aliout half us much heat as sho guts from the sun. Now the 
quantity of meteoric matter which would liavo to fall upon lho earth to fur¬ 
nish us daily half ns much heat as wo recciyo from tho huh, w6nld amount to 
nearly fifty tons for oaoh square mile. It is not likely Unit wo actnally got 
Kwoks of that amount. Tt is difficult to determine tho amount of heat wliloli 
the earth actually does receive from meteors, hut all observations indicate 
that tho quantity is extremely small, Tho writer lias estimated it, from 
Lho host data attainable, as less in a year than wo got from the sun in a 
second. 

358. Helmholtz’s Theory of Solar Oontraction.— Wo seem to bo 
shut up to the thoory of Helmholtz, now almost uiitvortmlly accepted; 
namely, that tho heat neoeasary to maintain the buii’b radiation Ib 
principally {supplied by the aloio contraction of its bulky aided, however, 
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by the accompanying liquefaction ami solidification of pm turns of its 
gaseous mass When a body falls tluongh a certain distance, yuuln- 
fHhf , against iesistanco, and then comes to icst, tho same total amount 
of heat is pioduccd as if it had fallen Jieely , and boon stopped instantly 
If, then, the sun does oontiacit, heat is necossanly piodueod bv the 
process, and that m enonnous quantity, since tlio attiaotmg foreo at 
the solai suiface is moie than twenty-seven times as gieat ns teitex¬ 
tual giavity^ and the contiaeting mass is immense Tn thin pio 
cess of conti action each paiticle at the smfacc moves lnwtud by uu 
amount equal to the diminution of the sun’s radius. a pm tielo below 
the smface moies less and undei a diminished giavitating foiee , but 
eveiy paiticle m the whole mass, excepting only that at tho exact 
centie of the globe, contiilmtes something to tho evolution of beat. 
In oidei to calculate the precise amount of heat ovohed by a given 
shunlcage it would be necessary to know the law of inoiease of tlio 
sun’s density fiom the smface to tho centie, but Helmholtz linn 
shown that undo the most imfavoiable conditions ct conduction m ilia 
sun's diennete) of about tuo hunched and fifty foot a your (125 feet in 
the sun’s i ctd aus) irould account for the whole annual output cfhoat* 
this eontiaction is so slow that it would be qmlo impelcoptible to 
obscuration, It would leqiuie moie than 9000 vouis to leduee tlm 
Min s dmmetei by \ single second of aic, and nothing much Iohh 
^ ould be ceitaiuly detectable bv om incasmomcnts If (ho con¬ 
duction is mote mpul than this , tho mean teinpevatmo of the sun 
must be actually using , notwithstanding the amount oi bent it la 
losing Long obsei ration alone can deteimino whetliei this is really 
the case oi not 


“It is a lemailaible fact* fast demolish niod by 
^ane o V\ ashington, m 1870, that a gaseous spheie, losing boat by i iidiaiion 
am conttacting uiulei its own giavity, must me m tempoatute and attuulhf 
grow hotter until it ceases to be a “peifect gas," either by beginning to 
liquefy ,oi by reaching a density at which tho laws of poifecfc gases no longer 
hold The kinetic oncigy developed by the shimkago of a gaseous mass 
is moie than sufficient to leplaco the loss of heat which caused Dm ahiJnk- 
age, In the case of a solid oi liquid mass this is not so, The slmnkauo 
of such a mass contacting undei its own giavity on account of tho Ions 
of heat w neiei sufficient to make good the loss) but tho tempeiatmo fall* 
mid the body cools At piesenfc it appeals that m the sun the xeUtivo 

mpstIv 2* °n U ?r ga ^ e3 anc * Ultnd. aie such as to keep the teinpeiafcmn 
iirailv stationaiy, the liquid poitions of the aim being of corns* tho liUlu 
diops which am supposed to constitute the clouds of tho pholostfme 
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368. Future Duration of the Sun. - If this shrinkage theory of tho 
solar heat U correct (and there is ovory rouaon to accept it), it follows 
tliat iu time the sun’fl heat must come to an end, and, looking back¬ 
ward^ wo roo that there must have been a beginning. 

AVo lmvo not sufficient data to enable us to calculate tho future 
duration of tho Hurt with exactness, though an approximate estimate 
can ho made. According to Nowcomb, if the sun maintains its 
present radiation, it will have shrunk to half its present diameter in 
about 6,000000 yonm at the longest. Since when reduced to this 
size it must. bo alwnt eight times as dense as now, it can lmrdlv 
then continue to bo mainly gaseous, and its temperature must begin 
to full. Nowcomb’s conclusion, therefore, is thnt it ia not likely 
that tho sun can continue to give sufficient heat to support such life 
oil tho earth as wo are now acquainted with, for 10,000000 years 
from the present time. 

360. Age of the Sun. — As to tho past of the solar history ou this 
hypothesis, wo can bo a little more definite. It is only necessary to 
know tho prosont amount of radiation, and tho mass of the sun, to com¬ 
pute how long tho solar flro cun lmvo boon maintained at its present 
Intensity by the processes of condensation, No conclusion of geom- 
otry Ih moro certain than this, —that the contraction of the sun to its 
present size, from n diameter even many times greater than Nep¬ 
tune’s orbit, would have furnished about 18,000000 times ns much 
beat as thp sun now supplies in a year, and therefore that the sun 
cannot have been omitting heat at the present rale for more than 
18,000000 years, if its heed has really been generated in this maimer. 

Hut of courses Lids conclusion a8 to tho poaslblo past duration of the solar 
byshuu rests upon tho assumption tlmt the sun has derivod its heat solely in 
this way; and moreover, that it radiates heat equally in all directions In 
space, — aminiplioiifl which possibly further investigations may not confirm. 

300. Constitution of the Sun. — (a) As to the nature of the main 
body or nucleus of the sun, we cannot bo said to have certain knowl¬ 
edge. It is probably gaseous y this being indicated by its low mean 
density and its high tomporuturo — enormously high even at the sur¬ 
face, whore it is coolest. At tho same time tho gaseoiiB matter at the 
nucleus must ho in a very different state from gases as we commonly 
know thorn in our laboratories, on accouut of the intense heat and the 
extreme condo no rJloji by the enormous force of solar gravity. Tho 
central mass, while still strictly gaseous, because observing the three 



226 


THE SUN. 


physical laws of Bo)le, Dalton, and Gay Luasao, which charactei i/a 1 
gases, would be denser than watei, and viscous ; piolmbly somollung 
like tai 01 pitch m consistency 1 

While tins doctnne of tho gaseous constitution of the huh is gcnei- 
ally assented to, theie aie still some who aie disposed to consulei 
the gieat mass of the sun as liquid 

381 (b) The photosphe)e is piobablv a shell of incandescent 

t/ouch, fouiied bi the condensation of tho vapois which aio e\poHt i d 
to the cold of space 

362 (c) The photosplionc clouds float m an ntmonpheic contain¬ 

ing) still uncondeused, a coneideuiblc quantitr of the same vtipots 
out of tthich they themselves have been foimedy just an in our m\n 
atmosphere the air aiound a cloud is still salinated with water vnpoi 
Tins \apoi-laden atmosphere, piobably compaiativclv hIuiIIow, consti¬ 
tutes the 'ieoetsmg layei s and by its selective absorption pioduees 
the dark lines of the solai spectuim, while by its general absorption 
it piobably pioduces the darkening at the limb of the sun 

But it ill he leinembeied that j\fi. Lockyei mid otliois inn disposed lo 
question tho existence of any such shallow absoibmg sluilum, consult 1 ! mg 
that the absoiption takes place m all legions of the solai atmosplieic even 
to a gieat; elevation 

303 (d) The chomospheie and piommences arc composed of 

the pet/aanent gases> mainly hydrogen and helium, which me min¬ 
gled with the vapois of the ievcismg stiatnm in tho region nenv this 
photosphere, but usually use to far gieater elevations than do this 
vapois The appealances aie for the most pait as if the chromo¬ 
sphere was formed of jets of heated hydrogen ascending tluough tho 
interspaces between the photosphenc clouds, like flames playing over 
a coal flic. ^ H 


1 The law of Dalton (Physics, p 181) is, that any number of difloient gases and 
vapois tend to distribute themselves throughout the space which they occupy m common, 
pachas if the others ueie absent The law of Boylo or Mmlot to (Physios, p 110) 
i" ai amj gmn tie volume of any given amount of gas vanes into Wy 

m e pressure, n?, pv— pV The law of Gay Lussno (Physics, p 186) la, 
nwtant pHSme expamh m vohm «»l fl»wly uniform 

? TTV° Umt Vt ~ V « (l + Qt ^' ™ 8 true of vap». In 
“team in a hodj^™ * ^ WhWh ^ lmVG beeu eva P orat ° a l fov instance, of 
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384. (g) TIig corona also rosts on the photosphere, find the peculiar 

green lino of its spectrum (Art. 829) is brightest just at the surface 
of the photosphere, in the reversing stratum and in the chromosphere 
itaolf; but the corona extends to a far greater elevation than even 
the prominences evor reach, and seems to bo not wholly gaseous, 
but to contain, bolides the hydrogen and the mysterious ^covonium,’' 
dust and fog of aorno sort, perhaps meteoric. Many of its phenom¬ 
ena nro as yet unexplained, and since it can only be observed during 
the brief momonts of total Bolar eolipseB, progress in its study is 
necosBarily slow. 

3G4 Note to Article 344, The total heat received by the earth from the 
sun in any given timo is that intercepted by its diametrical aross-section, 
t.e, by the area of one of ita groat circles kept always perpendicular to the 
biui’h vayfl. The quantity of ico wliloh would be malted uuiiuq,lly on this 
circular piano by 11 ui flolnv rays would bo a sheet having a thickness of 106,5 
motrcH nr 540 foot (10 mm x 24 X 005} — lOG.o 111 * 1 ). 

The thickness of the ice which could be molted in a year on a narrow 
oqmUorial bolt would he 5i^,or 174“, since Bucli a belt intercepts the rays 

7T 

l,hat would otherwise fall on a diametrical strip of the same width upon the 
circular piano. 

If the flim’R lumfc wore uniformly distributed over the earth’s whole surface, 
which equals four great circles, (4 7 r/2 2 ), it could melt a shell having a thick- 

ness of or 18(U U . 

4 

Tt is true that at tho soa-level the solar-constant is much diminished by 
atmospheric absorption ; and probably does not exceed fifteen calories per 
minute directly roooivod from the ami’s rays. But a large part of the solar 
heat absorbed by. tho atmosphere venoliea the earth’s surfa s indirectly ^ so 
that it must not ho considered as lost to the earth, beoaiise not directly 
mousurablo by tho aotluometor. 
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m CHAPTER X, 

ECLIPSES ♦ FORM AND DIMENSIONS OF SHADOWS. —LUNAR 

ECLIPSES. —* SOLAR ECLIPSES. — TOTAL, ANNULAR, ANI) PAR¬ 
TIAL — ECLIPTIC LIMITS AND NUMBER OF ECLIPSES IN A 

YEAR — THE SAROS, — OCOULTATIONS, 

385. The woid eclipse (Gieek 1 kAcu/^) is strictly a medical toim, 
meaning a faint oi Simon Astronomically it is applied to the (hu It¬ 
eming of a heavenly body, especially of the sun or moon, though 
some of the satellites of othei planets besides the oaitli aio also 
44 eclipsed M from time to time An eclipse of the moon is canned 
by its passage though the shadow of the earth , an eclipse of (ho 
sim, by the inteiposition of the moon between the sun and the oh* 
seiver, oi, what comes to the same thing, by the passage of the 
moon’s shadow over the obseivoi 

368. Shadows— If mteiplanetaiy space were slightly dusty, wo 
should see, accompanying the caith and moon and oaoh o( tho 
planets, a long black shadow pi ejecting behind it and travelling 
with it Geometucally speaking, this shadow of a body, the eaith 
foi instance, is a solid—not a s wfuce It is the space from winch 
sunlight is excluded If we legiud the sun and othei heavenly 
bodies as tiul\ spherical, these shadows aie rones with llielr irxon 
m the line joining the ecnfcics of the sun and the shadow-casting 
body, the point being always tin acted away from tho sun, because 
the sun is always the laigei of the two 

367. Dimensions of the Eaith’s Shadow.—Tho longth of the 
shadow is easily found In Fig 121 wo have fiom tho Huniliu 
tnangles OED and ECa, OB Ea . OE . EO or l OD is tho thf- 
feience between the ladu of the sun and the earth,*= U — r. 
/?« = ?, and OE is the distance of the eaith from tho sun = A. 

Hence * = A x(——-i_ a. 

\R-oJ 108 5 

(The fractional factoi is const mt, since the radii of the sun mid 
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earth are flxuil quantities. Substituting the values of the radii, w 0 
line! it to bo.j^h.) This gives 857,200 miles for the lcugtli of the 
earth's shadow when A has its menn value of 08,000000 miles, re- 
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ganllng tlio earth ns. a porfeot sphero aud taking its mean radius. 
Thin length varies about 14,000 milca on ouch side of the mean ns 
Iho earth changes its distance from the sun. 

The Homi-iuiglo of the oono (the angle ECh t or ECB in the figure) h 
found as follows. Since OEB is exterior to tho triangle BEC t 


OEB- EI3C+BCE , 


or BCE= QEU-EBC* 

Now, OEB is tho huk’i? appanni Hcmi-tliameler as seen from the earth, and 
EBC is the ourth's somi-diamotor as soon from tho sun, which if the same 
tiling as tho sun's horizontal parallax (Art. 8B). 


Putting B for tlm sun's acini-diameter, and ;; for its parallax, wo 
lm vo — 


Sembanglo at 0=5 — p, 1 


From the oono aCb ail sunlight is excluded, or would be were it 
not for the fuot that the atmosphere of the earth by its refraction 
bends some of the rays into this shadow. The effect is to make the 
shadow a little larger in d I am o tor, but less perfectly dark. 


388, Ponumbra,—If wc draw tho lines Ba and Ab, orossing at 
(P between tho ourth and tho sun, they will bound the p&numbvct. 
Within this space a part, but not tho whole, of the sunlight is cut off: 
an observer outsklo of tho shadow, but within this cone-frustum, 


1 Also *=■_-_ nil expression sometimes more convenient than tho one 

’ eln(tf— p) 
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which tapers towards the aim, would see the earth as a blank btaly 
encroaching on the sun’s disc. The semi-anglo of the penumbra IWti 
is easily shown to be S +]>, 

369. Although geometrically the boundaries of the shadow and 
penumbra Are perfectly definite, they arc not so optically. If n Hcrtwn 
were placed at M (Fig. 124) perpendicular to tho axis of tho shadow, 
no sharply defined lines would mark the boundaries of either shadow 
or penumbra; near the edge of the shadow, the penumbra would 
he very nearly as dark as the shadow itself, only a more spook of tint 
situ being visible there; and at the outer limit of the penumbra Urn 
shading would be still more gradual. « 


370. Eolipses of the Moon. — The axis of tho earth’s shadow iu 
always directed to a point exactly opposite the sun. If, then, at tin? 
tune of full moon, the moon happens to bo near tho ecliptic (that is, 
not far from one of the nodes of her orbit ), she will pass into the 
shadow and be eclipsed. Since, however, tho moon’s orbit iy inclined 
about five and one-fourth degrees to tho plane of the ecliptic, this 
does not happen very often (seldom inoro than twice a year). ()rdi- 

narily the moon passes north or south of the shadow without touch¬ 
ing it. 

lunar eclipses are of two kinds, — partial and total: total when 
the moon passes into the shadow completely; partial when she iroos 
s.o far to the north or south of the centre of the shadow that only u 
portiou of her disc is obscured. 


the Dfii),,,,!) *« Ve 1 1' 1>el 1 1 ! lnibvul eclipse ** when who passes muruty 

of liffht k ’■ "! ! 0,l f t0ll 1 C11,lg ^ lle slliwlow> In this case, however, tho bias 

tint an iifKM'r'" 11 ' t ant ). S ° unless she almost grazes tlm sluulmv, 
mt 811 obsmsl would notice nothing unusual. 


«Z.ll ffl ®“ 1 ™ ‘t* where the Moon 

ofT ™ noT,f 125 ls 857 ’°“ ” 1|| “. »»<> an dhtanoo 
Sii”u «,!T V" tl,c » b »“ nay,000 „,iu», 

Wf must be 618 000 miles, «, I(J AW, the semi-diameter of tho shadow 
miles T ’ "/ be ^ of the earUl ’ s nwltiw. Tills gives AfJY= 28M 

S v "‘"“I"'' 1 " <>taelor of the 

then three times nstittulet ^ shftI,0 ' v m hnniotlmon niorn 
twice its size, S ti 1 soraetim ° 9 hardly inoro than 
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372. IVo may reach the aaino result in anotlior way. Considering the 
triangle ECN t Fig. 125, wo have tho angular somi-diameter of the cross- 
nootlon of iho shadow where tho moon ponses through it, as seen from the 
earth, roproHontod by MEN, 

lhifc ENa - MEN + ECN\ 

whence MEN= ENa ■ * ECN. 

Now ENa is tho scmkUaiuulur of tho earth as seen from the moon ; that 
3s, it i h Llio inonn’H horizontal parallax, for which write P. lienee, substituting 
for ECN its value A 1 — p } wo get 

MJ3N=P+p-S. 

♦ 

MEN is culled “ tho rutliiiK of the shadow.” Tho mean value of P is 57'2"; 
of 8",8; iiml of $, 1(1' 2", which makoB tlio moan value of MEN — dl f 0". 



r rim mifuu value of the moon’s apparent sonikUamotor is lo' 40", the ratio 
between tlio ftemi-diamolor of the moon and tho radius of the shadow being 
about 2i{, ii h before. 

Tu computing a lunar oolipso, thifl angular value for tlie “radius of tho 
shadow, 11 ns it is oullod, i« more convoiilohfc Llum its value in miles. It is 
customary to inoronso it by about ^ part in order to allow for the effect of 
tho mirth’s atmosphere, tho value ordinarily used being (P + j9 — S). 
•Smiio ooiujmtnrs, liowover, use Si/and otliors JJ. On account of the indis- 
tinnlneSK of the edge of the shadow it is not oasy to determine what precise 
value ought to be employ oil. 

373. Duration of a Lunar Eollpao. — Whon central, a total eclipse 
of thu moon may, nil things fnvoring, continue total for abont two 
bourn, llio interval from tho fh’Bfc contact to tho last being about two 
hours more. This doponds upon tho fact that the moon’s hourly 
motion Is nearly equal to its owu diameter. Tho whole interval from 
drat contact to last 1b tho time occupied by tho moon in moving from 
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a to d 126). The totality lasts while it moves fiom 6 to r 
The dni&tion of a non-centml eclipse vanes, oi coiuse, utcouhng to 
Ilia pint of the shadow tlnough which the moon passes, 



374 Lunai Ecliptic Limit —The lunar elliptic limit is the gicut¬ 
est distance horn the node of the moon’s mini nt which the sun 
can be consistently with having an eclipse This limit depends upon 
the inclination of tho moon’s oibit, which vanes a little, and also upon 
the ladms of the shadow at the tune of the eclipse and the moon’s 
appaient Bcnu-dmmelci, which quantities aie still mote valuable. 
Hence wo leeognue two limits, the mojoi and minm. If the dis¬ 
tance of tho sun from the node at the tunc of lull moon exceeds the 
major limit, an eclipse is impossible; if it is less than tho minor, an 
eclipse is inevitable The in ijor limit is found to be 12° If)', tho nnnoi, 
9° 30' Since the sun passes ovei an aic of 12°1.V in less than 
thntcen days, it follows that an eelipso of tho moon cannot possibly 
take place moie than tint icon days bofoie oi after the time when tho 
sun ciosses the node, 

375, In Fig 127 let NE be the ecliptic, and NM Urn mint of tho moon, 
the point N beitiff (he node, and tho anglo at N tho mi limitnm id tho union's 



lou 127 — Lunar Lcllplio I hull 

orbit E ih the centie of tho caitil's shadow The dun, of oomno, is dnoelli 
opposite, and its distance Ciotn tho opposite node is equal to EN . M is the 
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contro of Ibo moon. Call tlm son li-cl lame loi: of the moon then EM (the 
greatest possible dwtunco between E and M which permits an eclipse) equals 
tho miui of the Hemi-diamotom of tho moon and shadow, or (P+p — £), 

and tlm corresponding ecliptic limit EN is found by solving the spherical 
triangle MA r E t having given ME and the angle at N y which is about G}°, 
Wo must also know one other angle, and with sufficient approximation for 
tmoh purposes wo may regard tho angle at M as a right angle. The solution 
will givo tlm value of tho eeliptlo limit by assigning the proper values to the 
quantifies involved. Tito limit is always very nearly eleven times EM, be- 
c mi so tho inclination of tho moon‘a orbit is nearly ^ of ft “ radian.” 

378. Phenomena of a Total lunar Eclipse. — Half m hour or so 
bofoijj tho moon reaches the shadow its eaalem limb begins to bo 
sensibly darkened, and tho edge of tho shadow itself, when it is first 
reached, looks noarly blade by contrast with the bright parts of the 
moon’s surface. To tho miked oyo the outline of the shadow appears 
reasonably sharp; but with ovon a small telescope it is found to be 
indefinite and 1 way, and with a largo instrument and high magnifying 
power it becomes "entirely imUsfclnguishublo. It is impossible to do- 


A 



Kin, 138. — Light bent lulu Kurlli's Blmdo'V by Refraollop. 


lormlno the exact moment when tlm odge of the shadow reaches any 
particular point oii tlm moon within halt n minute or so. 

After tlm moon 1ms wholly entered tho shadow her disc is usually 
still distinctly visible, Illuminated with a dull, copper-colored light, 
which Is sunlight, deflected around tho earth into the;shadow by tbe 
refraction of our own atmosphere, or rattier by tlmt portion of our 
atmosphere which lies within ten or fifteen miles of the earths sur¬ 
face. .Since Uio ordinary horizontal refraction is 84 , it follows that 
light which just grazes the oarth’s surface will be bent Inwards y 
twice that amount, or 1° 8'. Now, the maximum "radius of the 
Bbadow" Is only t° 2', In im oxtreino case, therefore, oven when 
tlm moon Is exactly central la tlm largest possible shadow, Receives 
some sunlight coming around tho edge of the earth, ns sho u 
jjV. 128. To an observer stationed on the moon, the d so 
iavtl, would appear to bo surrounded by a narrow ring o bnlbant 
Buualilnc, colored with sunset lmeS by the same vnpois 
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terrestrial sunsets, but acting with double power bocause the light 
has traversed a double thickness of our air. If the weather hap¬ 
pens to be clear at this portion of the earth (upon its rim ns soon 
from tho moon), the quantity of light transmitted through tho at¬ 
mosphere is very considerable, and the moon is strongly illumi¬ 
nated. If, on the other hand, the weather happens to be stormy 
in this region, the cloncls cut off nearly all the light. In the lunar 
eclipse of 18B6 the moon was absolutely invisible to the naked eye, 
a very unusual oircnmstnnoo on such an occasion. At the eclipse 
of Jan. 28, 1888, Pickering found that the photographic power of 
the centrally eclipsed tnoon was about x-nrl'TW ^ lG moon 

when unoclipsed. * 

377. Uses made of lunar Eclipses.—* In astronomical importance a 
lunar eclipse cannot bo at all compared with a solar eclipse. It has its uses, 
however, n. Many dates in climnology are fixed by reference to certain 
lunar eclipses. For instance, tho date of the Christian era is determined by 
a limar eel ipso which happened upon the night before Ilerotl died, h . Itoforo 
better methods were devised, lunar eclipses were made use of to some extent 
in determining the longitude. Unfortunately, as lias been said (Art. 110), 
it is impossible to note the critical instants with any degree of accuracy, on 
account of the indofmiteness of the earth’s shadow, c, Tho study of tho 
spectrum of the eclipsed moon gives us some data as to tho constitution of 
our own atmosphere. Wo are thus enabled to examine light which lm» 
passed through a greater thickness of air than is obtainable in any other 
way. (I, Tho study of tho heat radiated by tho moon during tho different 
phases of an eclipse gives us somo important information ns to tho absorb¬ 
ing power and temperature of its surface. Observations have boon made 
at Lord Rosso’s observatory of all tho recent lunar eclipses, with this end in 
View. e . Finally, at tho time when tho moon is eclipsed, it is xiossiblo to ob¬ 
serve its passage over small stars which cannot bo seen at all when near tho 
tnoon oxcopb at such a time. Observations of these star occultations made 
at di If brunt pacts of tho earth, furnish tho best possible data for computing 
tlic dimensions of tho moon, its parallax, and for determining its precise 
position in its orbit at tho time of observation. Tho eclipses of tho last 
few years have been very carefully observed in this way by concert between 
tho different leading observatories. 

378. Computation of a Lunar Eclipse. — Since all tho phases of 
a lunar eclipse are seen everywhere at the same absolute instant 
wherever the moon is above tho horizon, it follows that a single com¬ 
putation giving the Greenwich times of the different phenomena is all 
that is needed, and can be made and published once for all. Each 
observer has merely to correct the predicted time by simply adding 
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or subtracting 1 1 ia longitude from Greenwich in order to got the 
true local time. Tim computation 1b vory simple, but lies rather 
beyond the scope of thin work. 

ECLIPSES OE THE SUN. 

370. Dimensions of the Moon’s Shadow. —By the same method 
ns tlmt lined for tho shadow of the mirth (moroly substituting in the 
fonmiliu the radius of the moon for that of the earth), wo Had that 
the length of the moon’s shadow at any time is of its distauco 
from tho sun, and at new moon averages 282,150 mileB. It varies 
not quite 1000 miles each way, and so ranges from 280,050 miles to 
228,300. The semi-angle of the moon’s shadow ia practically equal 
to tho semi-diameter of tho Him seen at tho earth, or very nearly 16'. 


380. The Moon’s Shadow on the Earth’s Surface. — Since the 
moan length of tho shadow Is loss than tho mean distance of tho 
moon from the earth (which In 2118,800 miles), it is obvious that 
on the average it wiil not roach to tho earth. On account of the 



eccentricity of tlm moon’s orbit however, our satellite Is much of 
tho time considerably nearer than this mean dlstanoc, and may como 
within 221,000 lnilos from tho earth’s centre, or about 217,650 
miles from Its surface. Tho shadow, also, under favorable olronm- 
h lances, may have a louglh of 230,050 miles. Its point may there¬ 
fore at times extend nearly 18,-100 miles beyond tho earth’s surface. 
The evoHH-Hoe.tUm of the shadow whore tho earth's surface cuts it _ 
(at o in If’lg. 120) will then 1m 167 mtlos. This is the largest value 

pOHSibiC, 


(If (-nurse, IE tlm shadow strikes obliquely on tho surface of the earth, as 
it must except when the moon is lu tlm Health, the shadow spot will he oval 
instead of elrouliir, ami Hie length of the oval along tho earth s surface may 
nuioli exceed tlm true omss-seotlou of tlm shadow. 


381. Tho '< Negative ” Shadow. - -Slnco the distance of tlm moon 
may bo as great ns 252,370 miles from tho earth’s centre, or usury 
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249,000 miles from its surface, while the shadow may bn as short ua 
228,300 miles, we may have the state of things indicated by placing 
the earth at B in the figure. The vertex of tho shadow, F> will then 
full 20,700 miles short of the surface, and the cross-scotion of tlio 
u shadow produced” will have a diameter of 196 miles where the 
earth's surface cuts it. When the shadow falls near the edge of tho 
earth, this cross-section may be as great us 280 miles. The shadow- 
spot which is formed by the intersection of the produced shudovv- 
cone with the earth's surface is sometimes called tho ncyallve nha<low % 
because in calculating an eclipse its radius comes out from the formula) 
as a minus quantity in case the shadow does not reach the earth. 

382. Total and Annular Eclipses, — To an observer within tho 
true shadow cone, that is, between Fund tho moon in Fig. 129, tho 
sun will be totally eclipsed; but an observer in tho produced conn 
beyond F will see the moon projected on tho sun, leaving an im- 
eclipsed ring around it. He will have what is culled an annulet/ 
eclipse. These annular eclipses arc considerably more frequent than 
total eclipses — nearly in the ratio of three to two. 


383. The Penumbra and Partial Eolipsos.—The penumbra can 
easily bo shown to have a diameter on the line 0.1) (Fig. 129) of very 
nearly twice thfe moon's diameter. Wc inay take it ns having an aver¬ 
age diameter at this point of 4400 miles; but as the earth is often bo- 



Fid. 130; Width of tlm Fimiimbrn of tho Muon’a Shiutow. 


youd F, its cross-section at the earth is sometimes as much as 4800 
imles. An observer situated within tho penumbra observes a partial 
eclipse: if he is near the shadow cone, the sun will be mostly covered 
by tnc m°»n| bntif near the outer limit of the penumbm, the moon 
only slightly encroach ou the sun’s disc. While, therefore, total 
and annular edipsaa are visible as such only by an observer within 

' , m ' 8ed b) ’ the sl, '«l™-spot, the sumo eclipse 

w.ll he visible as a partial one everywhere within WOO miles on 
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cither side of the shadow path; and the 2000 miles Is to ho rcok- 
oned perpendicularly to the axis of the shadow* When, for Instance, 
tho ponumbra falls, as showu tu Fig* 130, Urn distance BC measured 
along the earth's surface will bo over 3000 miles, although BF Is only 
2000 . 

384. Velocity of the Shadow and Duration of Eolipees.—Tho 
moon advances along its orbit very nearly 2100 miles an hour, mid 
were it not for the earth's rotation this la tho rato at whioh tlio 
shadow would pnBB tho obsorvor. Tho earth, however, is rotating 
towards the oast in tlio same general dlrectton as that In which tho 
shadow numm, and its surface moves at tho rate of about 1040 



Fig, Ml. — Tmok of the Moon'i Blmdow, IGollpao of July, 1SY8. 


milos an hour at tho equator, An obsorver, thoroforo, on tlio earth's 
equator, with tho moon nonr tlio zenith, would bo paused by tlio 
shadow with a speed of about lOflO miles per hour (2100 — 1040) ; 
and this is Its slowest velocity, which ts about equal ^to that of a 
cmnnon-bull. 

In higher latitudes, whore tlio velocity of tho oarth’s rotation is loss, 
tlio relative speed of tlio shadow Is higher;,and wlioro the shadow falls 
very obliquely, as It docs whon an eclipse occurs near sunrise or sun- 
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set, the advance of the shadow along the earth’s siufaee nu\ become 
exceedingly swift, —as gieal as 4000 or 5000 miles per hour Fig, 
131, which wo owe to the comlcsy of the pnblisheis of Langley’s 
44 New Astionomy,” shows the tiack of the moon’s shadow timing the 
eclipse of .July 29, 1878, 

385 Duration of an Eclipse —k total eclipse of the Bun obsened 
at a station neai the cquatoi under the most favoiablo conditions pos¬ 
sible (the shadow-spot having its maximum diamotoi of 167 miles), 
innv continue total for seven minutes and Jifty eight seconch In lati¬ 
tude 40° the duiation ol totality can barely equal six and one-quaitoi 
minutes The greatest possible excess of the ladius 'of the moon 
over that of the sun is only l f 19 ff 

An annular eclipse may last for 12 m 24“ at the cquatoi Tim 
maximum width of the ling of the sun visible mound the moon 
is 1' 87" 

In the obseivation ol an eclipse four “ contacts” axo noted: Urn 
fust when the edge of the moon Inst touches the edge of the sun , the 
second, when the eclipse becomes total oi nnimlai, the thud, at 
the cessation of the total or annular phase, and the fouith, when 
the moon finally leaves the disc of the sun Fiom the fiist contact 
to tiie fouith the duiation may be a hlllo ovei two horns 

\ f ^ 386 The Solar Ecliptic Limits —It is nccessaiy, m oulei to have 

an eclipse of the sun, that the moon should encioaoh on the cone 
AQBD (Fig 182), which envelops eaith and sun. In tins case the 
{1 tine” angular distance between the ccntics of the sun and moon 



— that is, theii distance as seen fiom the centre of the earth— would 
ho the angle ME8 in the figuie. This is made up of three angles » 
MEF, which equals the moon’s Bemwdiamctoi, /S'; AES, tho sun’s 
senu-diamolei, 8 , and FEA, Tins lattei angle is equal to the differ- 
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once between CFE and FAE, OFF is tlm moon’s horizontal paral¬ 
lax (the semi-diameter of tho earth Been from the moon), nncl FAE 
or CAE ib the anil’s parallax. FEA , therefore, equals F ; and 
tho whole anglo ME8 equals S + S f + i J — p. This angle may range 
from 1° 1W 13" to 1° 24 f ID", according to the changing distances 1 of 
the sun and moon from the earth. 

The corresponding distances of tho sun from the node, calculated in 
tho Htuno way as the lunar oollptio limits (talcing tho maximum incli¬ 
nation of the moon’s orbit as fi° 19' and the minimum hb 4° r>7', 
aocording to Noison), give 18° 31 1 and 15° 21' for tho major and 
minor ecliptic limits. 

In order that an eclipse may bo -mitral (total or annular) at any 
part of the earth, it is necessnry that the moon should lie wholly 
inside the eono AQBIA as at J1/ 7 . In this case tlio angle M*ES will 
l) Q £ — S' + P— j), and the corresponding major and minor central 
ecliptio limits come out 11° f)0' and 0° 

387. Phenomena of a Solar Eolipse, — Tho re is nothing of spoola! 
interest until the sun Is mostly covered, though before that tiuio tho 
shadows cast by foliage begin to look peculiar. Tho light shining 
through overy small intorstico among tho leavos, Instead of forming a 
little cirdti on the earth, makes a little crescent — an iningo of tho 
partly covered sun. 

Some ton minutes hefnro totality the darkness begins to be felt, and 
tho remaining light, coining as it does from tho edge of the sun only, 
is much altered in quality, producing an effect very like that of 
a calcium light rather than sunshine. Animals lira perplexed, and 
birds go to roost. Tho temperature falls a few dogrcoe, and some¬ 
times dew appears. 


1 We give herewith in a table tins different qtinnlllloR which determine tho 
(11 menslo hr of the slnulnwH of tho earth and moon, aa well riB the eallptlo limits 
and tho duration of oullpsos. 



romoiit. 


Mean. 

Apparent aeml-diametor of huh.! 

10' 18" 

ww 

W 02" 

Apparent Benil'dlnmeter of moon . , . . , 

10'JO" 

14' 44"' 

16'46'’ 

Horizontal parallax of the nun. 

!t".or> 

8". 66 

8".80 

Horizontal parallax of the moon. 

01'18" 

60’ 68" 

67'38" 

Inclination of moon’s orhit. 

6° 11)' 

4 C 67' 

6 C 'B'40" 


Sun's rndliifi, 483,200 milea; eurlh’ft (ineiui), 31050 j moon's, 1081.G, 
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In a few momenta) if the observer is so situated that bis view com¬ 
mands a distant western horizon, the moon’s shadow is scum coming 
much like a heavy thunder-storm. It advances with almost terrifying 
swiftness until it envelops him. 

For a moment the air appears to quiver, and on every white sur¬ 
face bands or “fringes” alternately light and dark, appear, They 
are a few inches wide and from, a foot to three foot apart, and on the 
whole seem to be parallel to the edge of the shadow. Probably they 
travel with the wind; but observations on this point are ns yet hardly 
decisive. The phenomenon is not fully explained, but is probably 
due to irregular atmospheric refraction of the light coming from the 
indefinitely narrow strip of the sun’s limb on the point of disappearing. 

388. Appearance of the Corona and Prominences t — As soon ns the 
shadow arrives, and sometimes a little beforo it, the corona and promi¬ 
nences become visible. The stars of the first tln co magnitudes make 
their appearance at the same time. 

The suddenness with which the darkness dcsconds upon the ob¬ 
server is exceedingly striking; the sun is so brilliant that even the 
small portion which remains visible up to within a very few hgcoiuIh 
of the time of totality so dazzles the eye that it if* not'prepared for 
the sudden transition. In a few moments, however, the vision be¬ 
comes accustomed to the changed circninstances, and it is then found 
that the darkness is not really very intense. If the totality is of 
short duration, — that is, if the diameter of the moon exceeds that 
of the sun by less than a minute of arc,—the lower parts of the corona 
and chromosphere, which are very brilliant, give a light at least three 
or four times as great as that of the full moon. Since tho shadow also 
in sueli a case is of small diameter, a large quantity of light is sent in 
from the surrounding air, where thirty or forty miles away the Him 
is still shining; and what may seem remarkable, this intrusion of 
outside light is greatest when the sky is clouded. In such an eclipse 
there is not much difficulty in reading an ordinary wfitch-face. In 
an eclipse of long duration (say five or six minutes) it is much 
darker, and lanterns are necessary, 

389. Observations of an Eclipse.—A total solar col ipso offers an 
opportunity of making an immense number of observations of great import¬ 
ance which are possible at no other time, besides certain others which can 
also be made during a partial eclipse. We mention («) Times of the four 
contact*, and direction of the line jjfmmj the cusps during the partial phases. 
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These observations determine accurately this relative position o£ the sun mid 
moon at tho tinio, and so furnish tlm means for correcting the tab log of their 
motion, {b) The search far infra-mercurial planets* Tt has boon thought 
likely that there may bo ono or more planeLs between the orbit of Mercury 
and tho sun, and during a total eclipse they would become visible, if over. 
On tl io whole, however, tho observations, so far made, negative tho existence 
of any body of considerable size in this region, though iu 1878, Professor 
Watson and Mr. Swift, it was thought, had discovered one, if not two, Hucli 
planets. (c) Ohsermlians on the fri n (/es, which have been described ns show¬ 
ing themselves at tho commencement of totality. Probably the phenomenon 
is morely atmospheric ami of little importance, but it is nut yet siiJlloioutly 
understood, (d) Photometric mens firemen lx of the intensity of Mm light at 
different stages of the eclipse and during totality. (<r) Telescopic observations 
of the details of the prominences and of the corona. (f) Spectroscopic observa¬ 
tions, both visual and photographic, upon the spectra of tho lower atmos¬ 
phere of tliu sun, the prominences, and tlm corona, {(f) Observations with the 
pohriscope upon the polarization of the light of tho corona, for tlm purposo 
of determining tlm relation between the refleotod and intrinsic light, and 
perhaps tho size of the rcileetlng particles which are distributed through the 
corona, {h) Photography, both of tho partial phases and of tlm corona. 

300. Calculation of a Solar Eclipse. — Tho calculation of u solar 
eclipse cannot ho dealt with in any mmh summary way as that of n Junar 
eclipse, owing to tlm moon's parallax, which makes tlm times of contimt imd 
ofclior phenomena different at every different station. Tho moon's apparent 
path in the sky, relation to the centre of the son, is not (won a port ton of u 
great circle, nor is it described with a uniform velocity. Moreover, fdneo 
thn phenomena at a solar eclipse admit of very aemmito ohsorvutioiifl, it in 
necessary to take account of numerous little detail« which are of no import¬ 
ance in n lunar eclipse. 

Certain data for each solar eclipse hold good wherever tho observer may 
bo. These are oulanlated beforehand and published in tho nautical alma¬ 
nacs; and from tlmm, with tlm knowledge of his geographical position, the 
observer can work out the result* for ids own station. Bub tho calculations 
lira somewhat complicated and lio beyond our scope. Tho reader Is referred 
to any work on practical astronomy ; Chuuvoimt and Loomis fcroat tho inat¬ 
ter very fully'# . 

391. Number of Eclipses in a Year. —Tho lount posHiblo niimbor 
1 h liVQ) both central eellpsoH of tho hum. Tho 1 argent posnlblo nimibor 
Is 8mwn u flvp, of thn mm and two of tlm moon. Tho eellpHOH oaoh year 
happen at two amiHona (which may bo cmllcd tho “uolipao months”), 
half a year apart— about tho times, of courwe, at which tho sun in its 
annual path erosHoa tho two nodoa of tho moon’worbit. If tlioso nodes 
wore stationary, tho eclipse months* would be always the namo \ but 

■#k 
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because the nodes lottogiade mound the ecliptic once in about nine¬ 
teen yeais, the eclipse months mo continually changing The Mint' 
icquued by the sun in passing atound fiom a node to the Biunc 
node again is 346 62 days, which is sometimes culled the “ cohpso 
yeai ” 



392 Number of Lunar Eclipses —Repiosentmg tlie ecliptic by u 
cucle (Fig 138) with the two opposite nodes A and (/, it ib easy to him* 
ft that theie can be hut two lunar eclipses m a year (omitting Ini 
a moment one exceptional case)* The nmjoi lunar ecliptic limit ih 
12° lfi'; hence theie is only a space of twice that amount, or 24° 30', 

between L and L\ at each tc node 
month,” within winch tho oeeut- 
icnco of a full moon miglit give 
a lunar eclipse Now, in a syn¬ 
odic month tho sun moves along; 
tho ecliptic 29° ( V, wlnlo the node 
moves in tho opposite dtiection 
l°31 f , giving the iclativo motion 
of tho sun i often art to the node 
equal to 30° 37'; to, tho full- 
moon pointy on tho dr do would Jail 
at a dntanco of 30° 37 ’ J)nm oaoh 
other Only one full moon, there- 

. , f° l <b can possibly occur within 

the hmni ecliptic limits each time that tho sun passes the node 
Smee the mno) ecliptic limit foi the moon is only 9° 30' it may 
easily happen that neilhe, of the full moons winch occur nciucwl to 
the time when the sun is at the node will fall within llto limit Tlici c 
me accordingly many years which have no liumi eclipses 

voni iH?e . | " 1 ' a ‘' ° c,ll>ses » ,10 " evoi > may possibly happen m one cnloiidui 

r i' 1 n' e ° °" Ul ” Wft ^' ^ l1 PP 0SG Ll'o lust eclipse occurs about 
an , ie sun passing tho node about that time ; the second may then 

"T7“"‘ J ““ 86 1 H» otta nod., The InMnodo, j, 

Dec r^° thafc th ° mm WlU oncount01, H again about 

the same iem ,n Th.! U,S t a ii thUd CC,ipS ° “ ayooom ,n Dp <’ on ' bpl «>f 
me This actually occuued m 1787, tho dales of tho three 

lunm eclipses being Jan 8, June 30, and Dee M 

393 Number of Solar Eclitwei. r<„., i 

«e find that th«« » 7 P f—Considciing now tolar eclipses, 

* d that thC ' e m,lst im>vltabl y b o two Twice the minor hum 


Fio 1S3 —Numbei of Iclipsia Vnnunllj 
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(Ait. 380) of n solar uollpm (15° 21') is 30° 12', which is more than 
tlui aim'll whole motion in a month. One now moon, at lonst, there¬ 
fore, must full within tiio limiting distance of the node, and two 
may do an, since in the llgure, SS r Is always greater than the distance 
between Urn points occupied by two successive new moons. 

If the two* who moons in the two eclipse months happen to fall 
very near a node, the two full moon a, a fortnight curlier and later, 
will both he very likely to fall outside the lunar limit. In llmt case 
the year will imvo only two eclipses, both solar and both central; Le. t 
either total or annular. This was tho case in 1880. 

Again, if in any year tivo/«U moons occur when the sun is very near 
tho node, then since tho major solar limit is 18° 81', it may happen, 
ami often does, that there will be two partial solar colipses, one a 
fortnight before, tho other a fortnight after, each of the lunar eclipses, 
and so Urn year will Imvo three eclipses In each eclipse month — six. 
eclipses in nil, two lunar and four solar. A fifth solar eclipse may 
also conic in noar tho oml of the year, if the node was passed about 
Jam 15, In Urn same way that sometime* happens with a lunar eclipse : 
tho yonr will then have seven eclipses. This was the casein 1823. 
Tho most usual number of cclIpHoe is four or live. 

304. Relative Trequonoy of Solar and Lunar Eolipaes. — Al¬ 
though, laJdufi the whole mirth into account , the solar eclipses are 
the moftt numerous, about in the proportion of four to three, it is 
not so with tho eclipses visible at any yiven place, A solar eolipso 
can 1)0 scon only from a limited portion of the globe, while a lunar 
eclipse is visible over considerably more than half tho earth, either at 
tho beginning or end, if not throughout its whole duration ; and this 
more than reverses the proportion between lunar and solar colipses 
for any given station. 

395. Roouwenco of EollpseB, and the Saro$.—It is not known how 
early it was discovered that eclipses recur at a regular interval of 
eighteen years and cloven and one-third days ( ten and ono-third days, 
If Ihoro happen to bo five leap years In tho interval) ; but the Chaldeans 
knew the period very well, and called it tho Saros (which means 
“restitution” or “repetition”)* and used It In predicting the recur¬ 
rence of those phenomena. It is a period of 223 synodic months y 
which Is almost exactly equal to nineteen eclipse years. Tho eclipse 
year is lM6 d .080I, and nineteen of them equal G586 d ,78, while 228 
months equal (W)8f) <l ,32. 
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The difference is only T ^V of a day (about 11 hours) in which times 
the sun moves 28b If, therefore, an eclipse should occur to-day at. 
new moon, with the sun exactly at the node, then after 228 montlm 
(18 years 11 days) a new moon will occur again with tho sun only 28* 
west of the node; so that the circumstances of tho (Irat eclipse will 
be pretty nearly repeated. It would however occur about eight horn’s 
of longitude further west on the earth’s surface, since the 228 month* 
exceed the even 6585 days by of a day, or 7 h 42 m . 

396. Number of' ' Recurrences of a Given Eolipse. — It is usual to 
speak of eclipses recurring at this regular Interval as “ repetitions ** of ono 
and the flame eclipse. A lunar eclipse is usually thus “ repeated " 48 or 4P 
times, Beginning as a very small partial eclipse,,with tho sun about 12° 
east of the node, it will be a little larger at its next occurrence eighteen 
years later; and after 13 or 14 repetitions tho sun will luivo come so near 
the node that the eclipse will have become total. It will then be vopoutml 
as a total eclipse 22 or 23 times, after which it will become partial again 
with the situ west of tho node, and after 13 more returns as a partial eclipse 
will finally dwindle away and disappear, having thus recurred regularly onen 
in every 223 months during an interval of 865 J years. 

The same thing happens with tho solar eclipses, only since tho solnv 
ecliptic limit is larger than the lunar, a solar eclipso lias from 05 to 70 ru- 
turns, occupying some 1200 years, Of these about 25 are only purlin 1 
eclipses, tho sun being so near the ecliptic limit that tho axis of the fdmdmv 
does not reach the earth at all, The 45 eclipses in tho middle of tho period 
are central somewhere or other on tho earth, about 18 of thorn being total, 
and about 27 annular. These numbers vary somewhat, however, in differ¬ 
ent cases, 

397. It is to be noticed that the Saros exhibits hot only a clone 
com mens mobility of the synodic months with the eclipse years, but 
rdso with the nodical 1 and anomalistic months: 242 nodical month* 
equal 6585.357 days; 239 anomalistic months equal 6585.549 clays. 
This last coincidence is important. The moon at tho end of Urn 
Saros of 223 months not only returns very closely to its original 
position with respect to the sun ccnd the node } but also with respect (o 
the line of apsides of its orbit. If it was at. perigee originally, it will 
again be within five hours of perigee at the end of tho Saros, If thin 
were not so, the time of the eclipse might be displaced sovornl bourn 

1 The nodical month is the time of the moon’s revolution from one of its nodes 
to the same node again, and is equal to 27*.21222; the anomalistic month is tli« 
me of revolution from perigee to perigee again, and equals 27 d .6G400. Keo 
Arts. 4u4, 4o5. 
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by tho perturbations of the moon's motion, to bo considered later, 
in Gimp. XII. 

398. Number of Eolipses iu a Single Saros, — The total flimber is 
usually about sovonty, varying two or three one way or the other, as 
now eclipses como in at tho eastern limit and go out at tho western. 
Of tho 70, 29 aro UBimlly lunar and 41 solar; and of the solar, 27 are 
central , 17 being annular and 10 total. (These numbers are necessarily 
only approximate.) It appears, thorofore, that total solar eclipses, 
nmnewhere or other on (ha earthy aro not very rare, there being about 
ton In olghtecn years. Binco, howovoi\ the shadow track averages 
less than 100 miles In width, each total eclipse is visible, aa totals 
over only a Very small fraction of the earth's whole surface — about 
^ in tho moan. Tills gives about one total eollpso in 860 years, in 
tho long mu, nfc any given station. 

Tho total Holar oolipHUH visible in tho United States during the present 
century \m tho following: — 

Juno 16, 1HIHJ, in Now York and Now England, duration 4J. mhiuteB j 
Nov. 80, in Arkansas, Missouri, Alabama, and Georgia, duration 2 
minutes; July 18, I860, in Washington Torritory and Labrador, 3 minutes ; 
Aug. 7,1H09, in Town, Illinois, Kontuoky, North Carolina, 2} minutes; July 29, 
187H, hi Wyoming, Colorado, Toxns, 2J minutes; Jan, 11,1880, in California, 
duration 82 seconds; Jan. 1, 1880, in California and Montana, 2J minutes; 
May 27, 1900, from Louisiana to Virginia, 2 minutes. 

399. Oooultationfl of Stars. — In theory> and in tho method of com¬ 
putation, tho oooultntion of a star is precisely like a eolar eclipse, except 
that tho shadow of the moon projoeted by a star is a cylinder instead 
of a coiWy since, compared with tho distance of tho sun, that of a 
star Ih Infinite: moreover, tho starts a more point, so that there is 
no Hoimlblo penumbra. In other words, a star 1ms neither parallax 
nor ftoml-dlamotor, and thoso circumstances somewhat simplify the 
formulas 

Ah tho moon moves always towards tho east, tho disappearance of 
tho shir always takes place at tho eastern limb, and the reappearance 
tit Lho western. In tho first lmlf of tho lunation tho eastern limb 
Is dark and invisible, and tho star vanishes without warning. The 
BuddonnoHH with which it vanishes and roappoars lias already been 
referred to (Art. Mb) a« proof of the noi^oxistenoo of a Iimar atmos¬ 
phere. Observations of this sort determine the moon s place with 
groat accuracy, and when corresponding obaorvallous are made a 
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different places, they supply one of the best possible numnn of (Inter- 
mining their difference of longitude. 

In soffle eases observers have reported that a star, instead of disappearing 
instantaneously when struck by the moon’s limb (faintly visible by earth- 
shine), has appeared to cling to the limb for a second or two before vmifall¬ 
ing, and in a few instances they have even reported it as having reappeared 
and disappeared a second time, as if it had been for a moment visible through 
a rift in the moon’s crust. Some of these anomalous phenomena, have boon 
explained by the subsequent discovery that the star was double, or hud u 
faint companion, 


o 
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CHAPTER XL 

CWNTKAT, ¥0110138 5 EQUABLE DESCRIPTION OF A HEAR. — AHEAD, 
LINEAR, AND ANGULAR VELOCITIES. — KEPLlfill’fl LAWS AND 
INFERENCES FROM T1rEM. — GRAVITATION DEMONSTRATED 
BY Til E MOON’S MOTION* — CON 10 SECTIONS AS OH1UT9. ■— 
TUB PROBLEM OF TWO BODIES, — THE 14 VELOOITY FRO AI 
INFINITY,” AND ITS IIELATION TO THE SEECHES OF OltBIT 
D ESC El BED BY A BODY MOVING UNDER GH A'VIT ATION.— THE 
INTENSITY of gravitation. 

400. A moving body loft to itself, According to Newton's first law 
of motion (Phyaioa, p. 27), moves on forever in a straight line with ft 
uniform volootty. If wo find a body bo moving, wo may, therefore, 
infer that it la either noted on by no force whatever, or, if forcoB avo 
noting upon it, that they exactly balance each other* 

Tt lins been muttommy with soma writers to speak of A body thus moving 
“uniformly in a atraiglit lino ” as actuated hy a “projectile /area" a very 
unfortunate expression, which Is a survival of Urn Aristotelian idea that rest 
is more 14 natural ” to matter than motion, and that when a body moves, 
some force must oporato io keep it moving. The more uniform radii inoar 
motion of a material iuukh in empty spneo Implies no physical oauso, amt 
demands no explanation. Ohtnu/e of motion, oitlior in speed or in direction 
— this alone implies force in operndon. 

401. If a body iiiovqh in a Btmight lino, with swiftness oitlior 
increasing or decreasing, wo infer a 
foruo noting exactly In Iho lino of mo¬ 
tion, and accelerating or retarding it. 

Jf It moves In a cum, wo know that 
some force Is anting nlhwarl the lino 
of motion. If the velocity In the curve 
inoreasoe, wo know that the direction 
of the force that note is fonoard } like Km. m-cjnrvaturo of imorim. 
ah (lfig. 184-), making an angle of loss 

than 90° with tho u lino of motion” at (tho tangent to the path of 
tho body) \ and vice versa, if tho motion of tho body ia retarded. 
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If tho speed does not alter at all, we know that the forco lmint act 
along the line ac, exactly perpendicular to the line of motion, 

Hei^ also, we find many writers, tho older ones especially, bringing in 
the “ projectile force,” and saying that when a body moves in a curve it does 
so under tho action oi two forces, one a force that draws it sideways, the 
other the « projectile force ” directed along its path, Wo repeat; this « pro¬ 
jectile force” has no present existence or meaning in tho problem. Such 
a force nmy have put tho body in motion long ago, but its function hast 
ceased, and now we have only to cjo with tlio action of one single force, — 
the deflecting force , which alters^the direction of the body’s motion. Of 
Qouvse it is nob intended to deny that the deflecting force may itself bo tho 
resultant of any number of forces alt acting together; but a single force nob 
ing athwart a body’s line of motion is sufficient to cause it to describe a 
curvilinear orbit, and from such an orbit we can only inf or tho necessary 
Existence of one such force. 


402, Description of Areas.— (a) If a body is moving* uniformly on 
a straight line, and if we connect tho points A , B, 0, etc,, Fig. 135, winch 
it occupies at the end of successive units of time with any point whut- 
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its radius vector > from any centre 
areas in equal times around that 
triangle described by the radius i 
the body’s “ areal (or 44 areolar ' 
constant. 


ever, as u, wo snail nave n ho non 
of triangles, A0J3> etc., which 
will all he equal; since their Imihch 
BO, eto M arc equal nurt oil 
the same straight lino, and they 
have a common vortex at O, 
Calling tho line from A to O its 
radius vootov, and 0 the 44 cen¬ 
tre,” we nmy say, therefore, thul 
when a body is moving undtH- 
turbed by any force whatever, 
arbitrarily chosen , describe a equal 
centre. The aroa enclosed In the 
rector in a unit of time in culled 
*) velocity,” and in this case is 


, *° 3, W Moreover, any impulse in the line of the radius vector, 
either towards or from the centre , leaves unchanged both the plane of 
the body's mol ion and its areal velocity. 

Suppose a hotty'moving uniformly on the line AO (Fi«v. ljjrn with 
such a velocity that it describes AB, BO, etc., in successive units of 
time! then, by the preceding section, the nveafYclocity will bo eon- 


M 
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Htftiit, and measured by the area of auy one of the equal triangle 
AOB } BOQ) or OOL . Suppose, now, that at C the body receives 
an 44 impuluo 1 ' directed along the radius vector towards 0 —a blow, 
for instiinoo, which by itself would make the body describe G$C in a 
unit of time. The body will now take a new path, which will carry it 
to the point Dy determined by constructing the 41 parallelogram of 



motions" OKDL, ami thus combining tho now motion CK with the 
former motion OL, according to Nowton’s second law (Physics, p. 27). 
Tho new aroal velocity, monaural by the triangle OOD, will be the 

same as boforc, ns la oaslly shown. 

Trlanglo 3iOG= triangle OOL, booauao BC'= OL , and 0 is their 

common vertex. 

Also, triangle 00L~ triangle ODD, because tliey liavc the common 
base 00, ami their summits L and D are on a line which was drawn 
parallel to this base in constructing the parallelogram of motions. 
Hence triangle BOO-triangle COD , and the areal velocity remains 

may bo seen by following out the same veason^g with 
010 and 01)', tho same result would hold true If the Impu 
boon dlrooted away from 0 instead of towards It. 

404. This result depends entively o^ tho fact ^t tbe Impulse CK or 
CK 1 NYftH emctlif alonfl the rathus vector CO. IX it uo 
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CENTRAL FORCES, 


constuiofcuig tike paiallologiam oi motions to Jind tlio points D tun) I)\ ml 1 
sliould have had to diaw LD oi LD 1 not paudlel to CO, and the two tnaugliM 
BOC and COD would necessanly have boon unequal. COD would bo 
gieatey than BOC if CK woie dn acted ahead of tho ladius \eetm, and loss 
if behind it 

As legaids the plane of motion, the point D is on tho piano OOL* 
because LD was diawn tlnough L pmallel to GO OGL is a pint 
of the plane which contains the tuangies BOG and AOB, and licnoc 
OOD also lies m the same pla^e 

405, (c) From this obviously follows tho impoitant genoial piop- 

osition that when a body m moving under the action of a foice always 
duected towauls oi fiom a fixed centie, the radius vector will describe 
equal cneas in equal times, and the path of the body will all lie m one 
plane 

Such a force constantly acting is simply equivalent to an mdoilmlo 
numbei of sepm ate impulses Now if no single impulse directed 
along the indius veotoi can alter the areal velocity 61 piano of motion 1 
lieithei can a succession of them Hence the proposition follows 
In case of a continuously acting foice tho orbit, howovei, will 
become a cuive instead of being a broken line 
Obseive that this pioposition lemams tine whethei tho foum is 
attractive oi lepuhive, and that it is independent of the law of tho 
foice, that is, the foice may vaiy duectly with the distance, or in¬ 
verse/?/ as the squaie of the distance , oi as the logarithm of it, or in 
any conceivable way; it may even he discontinuous, acting only ut 
intGi vals and ceasing between tunes, and still tho law holds good 

408 Gonveisely, if a body moves in this ivuy, descubing equal 
aieas m equal times aiound a point , it is easily shown that all the 
foces acting upon the body must be duected towaul that point, 

We, howevei, leave the demonsUalion to tho student, 

Since the earth moves veiy nearly m this wav in its orbit around 
the sun, we conclude that the only foice of any consequence aoLing 
upon the eaitli is directed towauls the sun, Wo sa^, of any con¬ 
sequence, because tlieie aie other small foicos which do sliglitls 
modify the caith’s motion, and prevent it from exactly fulfilling tho 
law of areas • 


As a direct consequence of the law of equal areas we havo certain 
laws with i aspect to the linear and angular Yclooitios of a body mov¬ 
ing under thp action of a cential force, 
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407. Law of Linear Velocity.—Suppose a body moving under 
tho action of a force always cl hooted towards S (Fig. 137), and‘lot 
/17i bo a portion of its path which it de¬ 
scribes in a second. Draw tho tangent 
Bb. Regarding tho sector ASB as a 
triangle (which it will ho, sensibly, since 
tho curvature of tho path in ono second 
will bo very small) tho nroa of tills tri¬ 
angle will bo \{AB x Sb)> Now AB, 
tho distnneo travelled In a second, is 
tho linear velocity of tho body (called 
linear bocanso IL is measured with tho 
samo units as any other line; i.c In 
miles or In feel per second), and Sb is tho 
distance from tho centro of forco to tho “ lino of motion,■ M as tho tan¬ 
gent Bb is called. For Bb, p Is usually written; honoo hi every 

o A 

part of the same orbit, F(lhc velocity In miles per socond; —, and 

P 

is inversely proportional to p. If p were to become zero, V would 
booome infinite, unless A were zero also. 

408. Law of Angular Volooity.—Referring ngatn to tho same 
llguro, tlm area of AS.B Is equal lo J (AS X BB x sin ASB), or 
A = ^ 7 , j r 3 sln(.). If wo draw r to the mhldlo point of AB, than rp* 8 
= ? ,Q , nearly, since In a second of time tho distance would not 
chango poreoptlhly as coinparod with Its whole length, to will also 
he a small angle, so that its sine will equal tlio angle itself expressed 
In radians; 

9 A 

henoo ?, r*o> =* A } and to =i 

r 

Now to is tho angular velocity of the body; that is, the number of 
u radians' 1 which lb describes In a second of time, ns Boon from S } 
while r is tho radius vector. 

409. In every ease, therefore, of motion under a oontml force, 
L The Arml velocity (acres per second) is constant; IT* The 
Jjinear velocity (miles per second) varies inversely as the distance from 
the centre of force lo llw body's line of motion at the moment, which 
lino of motion Is tho tnngont to tho orbit at the point whore tho body 
happens to be; III. The Angular velocity (mr?/an«, or degrees,per 
second) varies inversely as the square of the distance of the body from 
the centre of force, 



[.Incur uml Annular Volooilloa, 
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oisntua h ji'onaiSB. 


410 rtio student will icmombei that it was found by obsinvaluni 
that the sun's rmgulai velocity vanes as the Hqmuo of ds uppuiont 
diameter, and horn tins (Ait 18G) the law of equal areas was 
mfeuedasa fact with lespccb to the enilh's motion* Newton was 
the first to point out that a body moving uiidtn the action of n 
eential foice mast neiesmiihj ohseivo this law of aiouH, and, con- 
veisely, that a body thus obseiving the law of mens must news- 
swirdy be under the conti ol of a contud foue 


411. Ouoular Motion. — In the cnee of a body moving In t\ 
circle under the action of a central foioo, tho foioo must bo constant, 
and (Physics, p, 62) is given by the formula 


/« 


F 3 


(a) 


m whioh r is the raduis of the cuclo and V tiio velocity, while/ H 
the centinl foice measured by tho “ accdoiation ” ol the body 
towards the centre; tlmt is, by the number of units of velocity 
whioh the foice Vi ould generate In tho body in a second of time; JuhL 
as the foice of giavity is expressed by writing, ^/ = 0.81 inoties 
For many pm poses it is desirable to have an expulsion which 
shall substitute foi V (a quantity not given (Inertly by observation) 
the tunc of i evolution, winch is so given. Smeo V equals tin) 

oircumfcience of tho cuclo divided by t , or —li, wo have at once, by 
substituting this value for Fin equation (a), 


/«<i* 


tV 


VO 


This, of coiuse, is meiely the equivalent of equation (a)? hul Is 
often nioie convenient, 


KIQPMU’S LAWS 

412 In 1GG7-1G2Q Kepler discovered ns facts, without an expln 
nation, three laws which govern tho motions of the planets, — law« 
which still bear his name. Ho woiked them out from u discussion 
of the observations which Tycho Bialie lutf made llnough many 
piecediug years The tin ec laws are as follows : — 

T, The m bn of each planet is an ellipse , with the sun in one ofih foci. 
II The ntdius vector of each planet describes equal areas in equal 

tZJHGS 
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lit. Tim “Harmonic law,” so-culled, The squares of the periods 
nf tka are j voporlional to the cubes of their mean distances 

from the sun; t *: / 2 9 = a A 3 : « 2 8 . 


413, To make sure that tins student appruh oikIb the moaning and scope 
of Hi is Lldrd law, wo append a few simple examples of its application. 

(1) Wait would bn LI 10 period of a planot having a mean distance from 
I ho sun of 100 astronomical units; i.e., a distance 100 thnea that of the earth? 

{Earth's Dial,)*', (Planet's J)hi.) n - (Earth's Period)*{(Planet’s Period)* \ 
Mi.i 1°: 100 8 = l 9 (year): A 9 (yours), 

whoucu X = 100® —1000 yours. 

(Li) What would lm the distance of a planet having a period of 125 years? 

(l) 9 :iar»a«l» ! A , » > 

whetico A' - 125® = 25 (Astiron. units). 

(8) llow long would u planet require Lo fall to tho sun? 

If tho huh were collected in a single point at its contro, n, body starting 
from n point on the planet's orhifc with a slight side-motion, t.e,, motion at right 
iiiiglnn to the radius vector, would dcHeribo an oxtromoly narrow ellipse 
anmnil the mm, with lU perihelion Just ttl tho sun, and tlio aphelion at the 
si nrl.ii i tf-poinl, Practically it would "fall to thn sun" and return just ns if it 
had rebounded from a pcrfooLly elastic Hlirface : tho tiino o £ <l falling "would he 
just equal to that of returning— the two making up the whole period of the 
body in the narrow ellipse. Now the semi-nmjor axis of this narrow ellipse 
is evidently tmcAulf the radius of tho planet's orbit. Ilonoe to And the period 
iu Llii« ellipse which Is 2 r (r being taken ns tho time of t{ falling”), we havo 

u B : ( VO 0 -- (2r) fl , or 11 {*= < 3 :lr‘ 2 ; 

wlmnm? t > U V , 1 ^ : - 0.17118 /, t being the plnnofc’s period. 


jii tho case of tlie earth r — 805} x 0.1708 = 01,50 dayfi. 


(1) Whul wouhl be Llie period of u satellite revolving close to the earth's 
siirfiusn? 

(Mam'* J)ist.) 8 i {l)ht> of Satellite)* = (27.8 days)®: A' 9 
or lHl«s 1 (27,8 )‘ i : X* t 


whoiMJn 


X ■. -7.8 days ih ^ 
00 ® 


(fi) llow much would uu increase of 10 per cent in tho earth's distanco 
from tho 8im increase the length of the year? Ans, 50.13 days. 

(0) AVhiit Is the distance from tho mm of an asteroid which has a period 
of 3J yours 1 / Anb, 2.305 Astron. units. 
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also, fiom the law of giavitntion, 

/- y|, M being 11 m mnsa of tho auu 
Hence?, equating the two values of f } 

4f=-4 and < a = ^r» 

.Snmlaily foi anollnii pliinol, 

'• “17 1 

Wliencoj fi tf—i* r^, 

Tho (Ip nionBtuition foi elliptical oilnis is a little mmo complicated, 
lnvohmg tho “law of aieas'* Tt is given in all walks on Thooiolical 
Astionomy, and may ho found in Loomis’s “Klomcmts of Aslionomy,” p, 1IH 


417 Correction of Kepler’s Thinl Law* — Tim “hmmonio law’ 
as it stands is not ciadhj line, though tho dilimonco is ion small io appeal 
in the obsoi rations which Koplm made use of in its discovoiy. It would ho 
exactly turn if tho phumls worn mmo pal tides of mallei, hut as a planet’s 
muss is a bonsihle, though a veiy small finotion of tho sun’s muss, it comes 
into account Tho planet dupitm, foi instance, alii acts Urn huh as well as is 
attiactcd by it If at tho distance i Jupitoi is dinwn townidft tho huh by a 
foi co winch would give it in a second an neeelei ation expi owned hy ~ (the 
nun’s mass being it/), then tho aim m tho same timo is nccoleuited townidn 


Jupiloi by tho quantity (m homg the mnsH of iTupilm) Tho into at which 
tho two tend to apptoach each other is thoiofmo oxpioHMid by MJJH, Iloneo, 

in discussing the motions of tho plnnot Jupitoi mound tho centre of the 
instead of wilting 


wo must put 


r M h m, 

r» * 


I TT't 

but (in tho casoof onoulai motion) / , 


Hence, wo find fi (I\F } m) •{ ir 2 i 8 ; 

oi , as a propel turn, fi ( M d m) tfi (M 1 m } ) — i 0 i , fl , 

wluoh is i/i \cthj tuio as long as tho planet’s motions aio undwUnbod. 
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(JENTliAI* TOJICJJCS. 


418. Inferences from Kepler’s Laws,—From Koplor’a lawn wo 
are on titled to infer — 

First (from the second law), that t\\Q force which retains the pianola 
in their orbits is directed towards the sun. 

Second (from the first law), that on any given planet the /area 
which acts varies inversely as the square of its distance from the 
sun. 

Third (from the harmonic law), Hint the force is the same for ono 
planet as it would bo for another In the same place ; or, in other 
words, the attracting force depends only on the mass and distance of 
the bodies concerned , and is wholly independent of their physical con¬ 
ditions , such as their temperature, chemical constitution, etc. JL 
makes no difference in the motion of a planet uroiind tho sun whether 
It bo made of hydrogen or iron, whether it bo hot or cold, 

410. Verification of “ Gravitation " by Means of tho Moon’s Mo¬ 
tion.— When the idon of gravita¬ 
tion first occurred to Nowton (the 
apple story is probably apocry¬ 
phal), ho ondoavorod to verify it 
by comparing tho force which keeps 
the moon In hor orbit with the force 
of gravity at tho earth's surface, 
reduced in the propor proportion. 
For lnok, however, of an ueuurnle 
knowledge of tho earth’s dimen¬ 
sions, ho failed at first, there being 
a discrepancy of about sixteen per 
cent, He had assumed a degree 
to bo exactly sixty mllos in length, 
Some years afterward, tflion Pic¬ 
ard’s measure of the aru of a merid¬ 
ian in Northern Franco had boon 
made and reported to tho Hoyul Sooioty, making u degree about 
sixty-nino miles long, he saw at once that the now value would 
reconcile tho discrepancy ; and bo resumed Ids unfinished work and 
completed It, 

420. At the earth’s surface a body falls about 1011 inches In a 
second. The distance of tho moon being very nearly'sixty timoa the 
earth’s radius, if gravity really varies inversely ub the squaro of tho 



Verlflcatlou of tho Tlypothoalft of Gravitation 
by Menus of tho Motion of tbo Moon. 
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distance, ii atone at th.it distance fioin the ciutli should fall ~ 01 

_L. im Jat , Unit is, ill ought to fall = 0 053o inches.— 

My 00 3600 

a little mou» Hum one-twentieth of an inch Now the di&tauce which 
[he moon actually does fall towmcls the eiulli m a second, i e , the 
dvjhntioiL of its oilnt jtom to Umiffht lino in a second of time , is easily 
found, and if the foico winch keeps the moon m Us mbit is leall} the 
snine iw that which makes bodies fall to winds the centie of the eaith, 
this Oollooliou ought to come out etjual to 0 Ul OB Bo Let AB (Fig 

1!1H) lie the distance the moon have Is maaccond =—-t wlioie? ia the 

liuluw of the union’s oilut, and l the number of seconds in a month 
Then, since AEE is a ughl-iuigled tnangle, we have, 

All AM AE J.2' , (oi2i) , 


whence 


AT) = 


AE- 

2 ? 


Tlu 1 entoulalion is cany enoughi though the numbeis aio latlici laige 
Ah a result it given us AD = 0.0/ilM inches, which is pi actually equal 
to tho thirty-six luiiKliedth pint of 105 niches 

If the ([imnlitiOH did not agree in amount, the disciepancy would 
disprove tho thorny, and, ns wo have said, Newton loyally gave it up 
u 11 111 lie was able to show that the appiueutdiseoidaucc was theiesnlt 
oC a mistake iu the ougmal data, and disappemed when the data weie 
collected. Tho ngteemont, liowovci, does not establish the theoiy, 
hut only lenders it piohahlc It does not establish it completely, 
hooaiiHii it is conceivable that tho ngiecment might be a case of acci¬ 
dental coincidence, while the forces might ically differ as much m 
their nature as an eleeUical ulti action and a magnetic 

421. Newton was not satisfied with merely showing that the p.m- 
cnial motions of the planets and tho moon could be explained by the 

v of gravitation , hut he went on to investigate the converse nob- 
Z and to dote,•mine what must bo tho motions n« T* 
law. He found that the mbit of a body moi ngaiound a ^ntirf 
' not of necessity a elide, or even a noaily cncnlav ellipse like the 
planetary mbits, Imt that .1 may be a tonic section of ^ 

wlmtevef-a elide, elhpse, parabola, or oven an hype,bola, but it 

be a conw 



422. For tin! hnii'lll of llioMi ol mu inulrrri wlm mV n« ■ 1 to 11 1 m 1 11 1 «< l 
.villi rnnii! aorlinim \\v p,iw tlm tollowini', hiiof no-oiinl of Hum 

<KlS- • 

u, If a unlit? of iiiiv inipjr In* nil itfm lfj to th, mV:/, tin* 

m*rtii'li will In* u Wo7m ,1/ A T in tlir 

Ilf'UlO. 

h. If i! In* nil 11V ii I'lniii’ will' ll 
nmkrii willi 1 1 m* ii xin mii iiiiplo «f*vufi-r 
limn Him omul implo of lIn* mm\ mi 
that tftv /» hnn- of' :hifion ftifu 
jih'trhf //jr* r»nn J fH'i /:7'') , 1 lit* 

i.rofliin j<< mu t ffijnit ,' Him i'iii*li* lh'iii/* 
moivly H ti|ik’i'll*l ciivn* of llir rlli|i*ir, 
KIlijlHU'i, f»T rnlUftn, illlln' piviitlv In 
1‘onu, fioin llmm* wlilali iU'h wry 

narrow lo IIm pm'lVrl l io’lo. 

a. 7 'Am fun'iititifa |m I on on I 1»y 

I 'll f ill til.MO willi a |ilfll|0 

to ft fi nftlr ; M',, mnlmi-* w ilh f 1 m* ji\Ih 
J ill iv/niff to tfi i> tut-itwjtv at' 

/Ad wiim, /t/ p ri Im mm Ii m jilinti’. An 

till Minim II |M nl ik o in fni III, *<u hi M 

nil )mrnlii»1iiM' vtniti i't'i' fh*' ii wji*' 
n/ //fM pOf/M u/ J r run/ ii'/h m tvr rA* 1 
/lOMif /* ifl M/oa, If Him ril1llti|' L 

ft |ilnim in Milin nitunh’l, lln u, no 

miltin' wlint, In Him nuj’lu of Him 
(?oim? or I Im* pliuv wlin I'm Him rul. In 
ninth', tin; muvn will alwnw Im Out 

Minna in tfmju t Humph of i miimh» if ?i 
nivi will 1 1>*|M'IM 1 u|"tm h \%hty of 
MlmillHllUlMm. VV|» l|o ho| nlo|i 1*1 
pmvi! Lliu HliUnuuiil, at. Ural. a litftn mn |n inirtj'; hut ii in fnir. 

d. If llin milling [ilium niuktm an implu willi tho n\ii of Iho mmum 
Ivhh than thn tu'mi-tnnjl*' a/ I*, mm l [mil hr ndiinp plain 1 prln nmtimmllv 
tluupur him l ■ lt*<*|n*r iiilo tin* I'niii 1 , thru tin 1 nuw In mi /o//ai/m/n; mo 

MHlItnl, hiH'fvIlHM Ilia pliiHM in lliln ram* l * nliootn ovrr M { f fllWto ) 

and intorHaclH I In* yi uonu | ir< o 1 111 * 1 * 1 1, 11 milting out of 11 1 1 0 mMoinl mmiim 
a tsiirvu primlnaly Win I hr rluvt* nil from On* orlifliml, 11*1 at lit 

tlio ll^mv. TIm^iixIh of Mm livparholu lira nui^Mr of On 1 rmw 
huliiK Hi<- Hint//// 1 in ilia ll^iin*. unit Itn* of tho nirvu l*t 

ulao onlHldn of Llio rumi at lliu nihlillr point of rhh* a\ia. 


U* 
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423. Philosophically speaking there are therefore but two species 
of couio sections, — the ellipse and the hyperbola, with the parabola 
for a partition between them. (The circle, as has been said before, 
is merely a special case of the ellipse.) Fig. MO will give the reader 



perhaps a butter idea of the nature of the curves as drawn ou a plane. 
In the ellipse tho sum of the distances from the two foci,^Y + F N, 
equals tho major axis of the curve; in tho hyperbola it is the differ¬ 
ence of these two linos {F"X’~FN') that equals the major axis; 
In tho ellipse tho eccentricity is less than unity (zero m the circle) ; m 
the hyperbola it is greater than unity / i» the parabola exactly unity. 

The general equation of a conic in polar co-ordinates, applying alike to 
both tlio HpwotoH, is 

- - - / - - ) 

1 q- a eos V 


FC „ FC 


in which r is the distance, Fn, or FA e is the fraction ££ or ^ the an- 

f , .. i /j/ i. pliant rsL‘ mid p IS fchft Hllft 1* 1 i FI » 01 j 

„1 „ bum, J«.l» • *w« ■' ““ . „ 

is nero, the curve is a circle, and r=p. H « < l > *» 0UXY i 

e > 1, tho ourvo is an hyperbola! if e-1. bus a parabola, j . 
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424. Problem of Two Bodies.—This problem, proposed and 
solved by Newton, is the following : — 

given the masses of two spheres and their positions and motions at 
any moment; fjiven> also, the law of gravitation: required their motion 
ever'afterwards, and the data necessamj to compute their plaw at any 
future time, 

The mathematical methods by which the problem is solvocl require 
the use of the calculus, end must bo sought in works on analytical 
mechanics or theoretical astronomy. Somo of tho results> howover, 
arc simplo and easily stated. 

426. (1) In tho first place tho motion of tho centre of gravity of 

tho two bodies will not he affected by thoir mutual attraction, but it 
will move on uniformly through space, ub if tlio bodios woro uni tod 
into one nt that point, and their motions combined under the samo 
laws which hold good in tho case of tho collision of inelastlo bodies. 

The motion of this contra of gravity is most oosily worked out graphically 
as follows: First, in Fig. 141, join tho original placoa of tho bodies A and 
iJby a straight line, and mark on it G t tho place of tho oonfcva of gravity; 
then take the positions A' and B 1 they would occupy at tho ond of a unit 
of time (if they did not attract each othor), and mark tho now position of 
the contra of gravity G f on tho liifh joining thorn. Tho lino GG° con non ting 



Fio. 141, — Motion of Bodloj rclruivo to lliolr ttonlro of Gravity. 


the two positions of the centre of gravity will show tho direction and rapidity 
of its motion; with reference to this point the two bodios will have opposite 
motions proportional to their distances from it; that is, they will swing 
around this point as if on a vod pivoted there,'and will either both move 
towards it along tho rod, or from it, with speeds inversely proportional 
to their masses, These relative motions with respect to the centre of gravity 
are easily found by drawing through G a lino parallel to A'B\ and monx- 
uring of? on it distances GA " and QB " respectively equal to Q , A t and 
AA U and BB n will then be the two motions of A and B relative to their centre 
qf gravity G. 
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BISECT OP MUTUAL ATTRACTION. 

420 The Effect of their Mutual Attraction. -This will cause 
them to describe s uular conies around tins centre of gravity the 

T° l J£yz r, bai,, fr* lj ' >» Li Lsl. 

lhe fonn of tho orbits and dimensions will be determined by the 
combined muss of the two bodies, mid by their velocities with respect 

to tho common contra of gravity. 1 

427. Tho Orbit of the Smaller relative to the Centre of the larger, 
t is convenient (though it is not necessary) to drop the consid¬ 
eration of tho contra of gravity of tho two bodies, and to consider 
the motion of the smaller one around the centre of the larger one. 
In reference to that point, it will move precisely as if its mass had 
lieon added to that of tho larger body, while itself had become a mere 
particle. This relative orbit will In nil respects be like the actual one 
around tho centre of gravity, only magnified in the proportion of 
M + m to M; t\e., if m is ^ of ilf, the actual orbit around Q will 
bo niagtiilied by to produce tiio relative orbit around M. 


428. The Orbit determined by Projection.—Suppose that in the 
llgiira (Tig. M2) the body P is moving in the direction of the arrow. 



Flo* 142>'-lHlllptlcal Orbit detenu! nod by Projection, 


and is attracted by S } supposed to be at rest, P will thenceforward 
move In a conio, cither in nn ellipse or hyperbola, according to 
Its velocity, ns wo shall sec in a moment* S being at one focus of 
tho curve, the other focus will ho somewhere on the line P2f y wMoh 
makes the same angle with PQ that r (SP) does (sinee it is* a prop¬ 
erty of the conics that a tangent-line at any point of the curve makes 
equal angles with tho linos drawn from the two foci to:that point)* 
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If we can find the placo of the socond focus F } or tho length of tho 
line PF in the figure, the curve cun at once bo drawn. 

Now, it cau be proved, though tho demonstration lies beyond our 
scope, that ft, the semi-major axis of tho conlo, is determined by 
the equation 

y s = fx (Equation J) 

in which r ia tho distance SP> V is the velocity, and fx in the attracting 
mass at 8 expressed in proper units. 

(fleo Wafflon'fl “Theoretical Astronomy,” p. 40 ; only for ^ ho writes A ,2 (l + m)). 

V , r, and tx being given, of courso a can bo found : we get 

« = /* -—(Equation 2) 

&{x — Tr m 

Then by subtracting r from 2 a wo shall got or tho distance PF , 
if tlio ourve is an ellipse. If it Is a hyperbola, a will como out nega¬ 
tive ; and to find r f we must take r 1 + r and mouauro It off to 
F, on the other side of the line of motion. In olthor case, however, 
we easily find the other focus, and tho lino drawn through the foci 
will be the line of apsides \ a point half-way between tho fool will be 
the centre of the curve, and any line drawn through tills centre will be 
a diameter. Having the two foci and tho major axis 2 a, AA\ 
the curve can at once bo drawn. 


429. Expression for a in Tonne of the " Velooity from Infinity,” or 
,"Parabolic Velooity.”—The expression for a admits of a more con¬ 
venient and very interesting form. It is shown In analytical mechan¬ 
ics that if, under the law of gravitation, a particle falls towards an 
attracting body whoso mass la /i, from one distance a to another dis¬ 
tance its velocity is given by tho stinplo equation 


to' 


••(MV 


(Equation fi) 


* If the difference botweon s and r 1 b called A, this equation become* 

w»=2^(l—i )= 9 „f * V 

\r r+A/ \r* + rft j 
Now if h Is very small as compared with r, this glyos 


which la the flame aa the uaual expression for tlio velocity of a falling body at tlio 

earth’s surface, via., F 2 *=2 2g being replaced by tho fraction — * 

v 2 
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If in this equation a bo made infinite, » does not also become 
infinite (that is, a body falling from an infinite distance towards the 
sun will not acquire an infinite velocity until it actually reaches the 
centro of the sun, and r becomes zero); but we get in this case 

r 


This special value of to is usually called “ the velocity from infinity 
for the distance r,” or the “ parabolic velocity ” (for a reason which 
will appoar very soon). JJ is generally used as its symbol; therefore 

u ' i= ~\ whence ,x = (Equation 4) 


Substituting this value of p in equation 2, we get 

* 



(Equation 5) 


430. Relation between tlie Velocity and the Species of Conic 
described,—From equation f> it is obvious bow the velocity determines 
whether the orbit will be an ellipse or a hyperbola, If V 2 is less than 
IP, the denominator of the fraction will be positive, a will also be 
positive, and the curve will be an ellipse; Le., if the velocity of the 
body P, at the dintance r from the central body S, bo less than the 
velocity acquired by the body falling from infinity to that point, 
tho body will movo around S permanently in an ellipse. 

If, on tho othor hand, V 2 is greater than U 2 , the denominator will 
become negative, a will also come out negative, and the orbit will be * 
a hyperbola. In this case P , after once moving past S at the peri¬ 
helion point, will go off nover to return; and it will recede towards a 
different region of. space from that out of which it came, because 
tho two legs of tho hyperbola never become parallel. There will in 
this caso Im tio permanent connection between tlie two bodies. They 
simply pass each other with a little graceful recognition of each other's 
presence by a curvaturo in their paths, and then part company forever. 

If V % exactly equals IP, the denominator of the fraction becomes 
aero, a conics out infinite, and the curve is a parabola. In this case, 
also, tho body will never return ; but it will recede from the sun ulti¬ 
mately towards the same point on the celestial sphere as that from 
which it appeared to come, since the two legs of the parabola tend to 
parallelism, Obviously, if a body were thus moving in a parabola, 
the slightest increase of its velocity would transform the orbit into an 
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hyperbola , and the least diminution Into an ellipse; the bearing of 
"Which remark will become ovklont when wo come to doal with eomots. 


431, Again, since 




? 


all bodies having the same velocity V, at the same distance r from tfu j 
centre of force , will have major axes of the same length for their orbits y 
no mailer what may he the direction of their motion t 


'Ihey will lmve the same period also, the expression for tho period being’ 

2 a 

t =——• (Wfltson, p. 40, Equation 28.) 

V/I 
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432 Fig. 143 lopiescnts the oibits winch would ho dosci lbod by five 
bodies piojected at O with dilloient velocities along the lino OF, the distance 
OS oi 7 being taken as unity, as well as the pmabolic velocity U 2 The 
squaies of the velocities aio assumed as given below, with Hie lesultmg 
values of « and ?' 


TV - \, whence «, — ], and 

'Hus places the empty focus at 2 ,T | 

Foi the next laigei ellipse 

V 2 - 1 , «,= 1, ?/=,l. 

In the name w ay — ], «, - l 2 , ? / = if 

F, 2 — 1, a x — co , * / — cn (Pmabola ) 

F, 2 - 2 , (^~—\ } ?/ - - 2 (Ilypmbola ) 

© 

433 Fig 141 shows how llnoo bodies piojected at P w llh equal velocities 
but ui diffeient duet lions indicated by the anows, desoibe linen difioiont 



ellipses j all, how emu, having the same pound, and the same length of semi 
majoi axis, namely, ) , V 2 being taken equal to ](J 2 
For a fom th body, F 2 is taken as - \ U\ and with the dnnotion of motion 
peipendiculai to ? Tim body will move m a peitecL enole, a coming out 
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equal to r, when V*= J 17*. In order to have circular motion, both conditions 
must be fulfilled; namely, 7 s must equal \U\ and the direction of motion 
must be perpendicular to the radius vector. 

434. Velocity of a Planet at Any Point in its Orbit. — If AA' 

(Fig. 145) bo tho major axis 
of a planet's orbit, and KK* 
the diameter of a oirclo de¬ 
scribed around S with A A 1 ns 
radius, then tho velocity of a 
planet at any point, on its 
orbit ia equal to that which it 
would liavo acquired by falling 
to N from the point n on tho 
oiroumfcronco of tho circle. 
Tho demonstration Ib not dif¬ 
ficult and may l>o found in 
No. 1420 of tho “Aatronom- 
iflolio Naohrlohton." 

435. Projeotiles near the 
Earth. — A good illustration 
by considering the motion of 
bodies projected horizontally from the top of a tower near the oarth'H surface, 
supposing the air to he removed bo there will ho no resistance to tho motion. 

The “parabolic velocity'’ drte to 
the earth's attraction equals 0,94 
miles per second at tho earth's sur¬ 
face ; i.e,> a body falling from the 
stars to the surface of the oarth, 
drawn by the earth's attraction only , 
would have acquired this velocity 
on reaching the earth's surface. 

First, If a body be projected with 
a very small velocity, it would fall 
nearly straight downwards, If the 
earth were concentrated at the point 
in ita centre so that tho body should 
not strike its surface, it would move 
in a very long narrow ellipse having 
the oentre of the earth at tho further 
focus, and would return to the original point after an interval of 20.0 inlmitux. 

Second. With a larger velocity the orbit would bo a wider oil ipso with a 
longer period, C being still at the remoter fooiis. 

Third. F= UV j, or about 4.9 miles per second. In this enso tho orbit of 



Fia. 140. — ProJooilloH nuiiv l)io Kai'tli. 



of the principles stated above is obtained 
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the hotly Mould bo a po/rct cude> and the pouod would bo 1 h 21.7 m It 
will be lemomboied that wo loiuul that if the oaith's xotation weio 17 times 
as lapid, llms completing a lovolution m l 1 ' 24 m ,7, the contiifugal foico 
at the equatoi would become equal to giavity (Ait 151), Also, Ait 418 (4), 
this same time, V' 2l m 7, was found ftom Koploi's thud law ns ilio penod of 
a satolhfco involving close to the eaith’s siufaco 

Fouitb F= U = 0 04 miles Tn tins ca&o the piojectilo would go oft in 
a pa)ahokiy novoi to lotmn 

Fifth. V > 0 04 In tins case, also, tho body would novoi 1 lotuin, but 
would pass oft in a hypo hold 

436 Intensity of Solar Attraction —Tho attraction between 
the aim and the oaith fiom Borne points of viow look# liko a \ery 
feeble notion, It is only able, as has been before stated (Art. 278), 
to bond tho eaith out of a icetilinoar comse to tho extent of about 
one-ninth of an inch in a second, while she is Unveiling nearly 
nineteen miles; and yet if it weio attempted to leplaeo by bonds 
of stool the invisible giavitation which holds tho eiuth to the sun, 
wo should Ilnd the surprising losult that it would be necessary to 
oovci the wliole siufaco of the oaitli with whos as largo as telegraph 
wires, and oidy about half an inch apart fiom each other, in oulci 
to get a metallie eonuccUon that could stand tho strain. This liga¬ 
ment of wires would bo stretched almost to the In caking point, Tho 
attraction of tho sim for the euilh expressed ns tons of foico (not 
tons of mom, of course) is 8,600,000 millions of millions of tons 
(86 with seventeen ciphers) ; and similar stresses act through tho 
appaionily empty space in all dnoctums between all the difleionl 
pairs of bodies m the imivmso. 

436* Note to Art 429 —It is woilh noting tlmt U 1 (tho sijuaio oi 
the paiabohc volnoity at any point) is simply irnie tho (/ntmtalion jwlentml 
due to the sun N attnution at that point Tho ** potential” may be delhied as 
tho cne)(jy Minch would ho aoquncd hy a mass of one unit, in falling to the 
point in question liom a place whom tho potential (ami attraction) is mo, 
i e> fiom lnlmily (Physics, pp 20 and 28) Now \ m V 2 is the goneial ox 
piession for the kinetic onoigy of a mass, w, moving with velocity V\ if in 
Dus expiesBton w r c make m — 1, and F« f/, no shall have, fot the case m 
hand, Enoigy j U% which equals the Potential at the point 
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CHAPTER XII. 

THE PROBLEM OF THREE BODIES. — DISTURBING FORCES 1 
LUNAR PERTURBATIONS AND THE TIDES. 

437. The problem of two bodios Is completely solved; but If, 
instead of two spheres attracting each other, wo have three or more, 
given completely in respect to their positions, mnssos, and velocities, 
the general problem of finding their subsequent motions mid predict¬ 
ing their positions at any future date transcends the present power of 
our mathematics. 

This problem of three bodies is in itsolf just as determinate and 
cnpablo of solution as that of two. Given the initial data,— that 
is, the positions , masses, and motions of tlio three bodios at a given 
iustaut, — thou their motions for all tho future, and the posi¬ 
tions they will occupy at auy giveu date, arc absolutely predeter¬ 
mined. Tho difficulty of tho problem lies simply in the inadequacy 
of our present mathematics) methods, and it is altogether probable 
that some time in the future this difficulty will bo overcome — very 
possibly by the invention of new functions and numerical tablow 
which shall bear some such relation to our present tables of loga¬ 
rithms, sines, etc. as these do to tho old multiplication table of 
Pythagoras. 

438. But while the general problem of three bodios is thus intract¬ 
able, all the speoial cases of it which arise in tho consideration of 
the moon’s motion and in tho motions of tho planets have boon solved 
by special methods of approximation. Newton himself led the way ; 
and tho strongest proof of the truth of his theory of gravitation lien 
in the fact that it not only accounts for tho regular clllptio motions of 
the heavenly bodies, bnt also for tho apparent irregularities of these 
motions. 

439. The Disturbing Force.—In tho case where two bodios are 
revolving around their common centre of gravity, and the third body 
Is either very much mailer than the central one, or very remote , tho 
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motion or Iho two will be but slightly modified by the action of the 
third; and in such a case tho small differences between the actual 
motion and tho motion as it would be if tlie third body were not 
present, tiro technically called “ disturbances M and “ perturbations/ 11 
and lilm force which produces them is called the “ disturbing force.” 
This disturbing force in not the attraction of the disturbing body, but 
only a amponent of that attraction, and usually only a small fraction 
of it. 

The disturbing fovea of the attracting body depends upon the differ- 
men of its ally action upon the two bodies it disturbs; difference either 
in amount or in direction > or in both. For instance, if the sun 
attracted the earth and moon exactly alike.(i.e., equally and along 
parallel lima s'), it would not disturb their relative motions in the least, 
no mutter how powerful its attraction might be. The sun’s maxi¬ 
mum disturbiny force on tho moon, as we shall see, is only about one 
eighty-ninth of tho earth’s attraction ; and yet the sun’s attraction for 
the moon is actually much greater than that of the earth.. 


Mince the huii’h mass is 880,000 times that of the earth, and its distance 
just about 8M times that of tho moon from tho earth, its attraction on the 

moon onnal.H tho earth's attraction X —= ie, } the sun's attraction 

OOi)* 

nn tint maim is mom ihun double. lltal of the earth. 


440. Why tho Sun does not take the ' Moon away from the Earth. 
_s~lf at tho time of new moon, when the moon is between the earth 
hikI Him, tho snn attracts tho moon more Ilian twice as much as the 
earth does, it is a natural question why the sun docs not draw the 
moon away entirely, and rob us of our satellite. It would do so if 
It were the cane of a “ tug of war”; that is, if earth and sun were 
(hml in spurt!, [Hilling opposite ways upon the moon between them. 
Hut it 1 h not ho ) neither mm nor earth 1ms any foothold , so to speak ; 
hilt all three bodies are free to move, like chips floating on water. 
Thu sun attracts the earth almost ns much as lie does the moon, and 
1 , 0 th mu'lli and moon fall towards him freely; though of course this 


i The HtUiUml vdllbear in miml dint these terms (''perturbations ’• and-dis- 
uwtem’Vw tuoro figures of speech; that philosophically the purely cihpli- 
cml motion ot two mutually iitlmetlng Isodies alone la space is .10 snore regular 
[linn the (nt present) Incomputable motion of Hum or more attracting bodies. 
We have in miml a theologian of some note who once maintained that the per- 
turbaliolif" In tliu solar system are a consequence of Adams fall. Hence the 
enutiou. 
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falling motion towards the sun is continually combined with whatever 
other motion the earth or moon possesses. The only effective dis¬ 
turbance is produced by tho fact that, in tho ease considered) the new 
moon , being nearer the sun than the earth is by about part of the 
wholo distance, falls towards the sun a trifle faster than tho earth, 
and so on that aocouut the curvature of its orbit toward tho earth Is, 
for the time being, diminished. 

At the half-moon the two bodies aro equally attracted towards the 
sun, hut on converging lines / and bo as they fall towards tho sun 
they approach each other slightly ; and for this ronaon, at quadrature, 
the mood’s orbit !b a little more curved towards the earth than it 
would be otherwise. 

^ 441. Diagram of the Disturbing Force. —■ A very simple diagram 

j J enables us to find graphically tho disturbing force produced by a 
third body. 

(What follows applies verbatim el literatim to either oE the two diagrams 
of Fig. 147.) 



Fio. U7. — DotonnlnaLlon of iho BlsLurblny Forco by (traplilcnl UoitfllnuHlon, 


Let E be the earth, M the moon, and S tho disturbing body (the 
sun iu this case) ; and let tho Bun’s attraction on the moon lie repre¬ 
sented by the line MS, Ou the same soala the attraction of the sun 
oil the earth will bo represented by tho lino EG, G being a point ho 
taken that EG \ MS = MS 9 : ES *; that is, — 

The sun's altraotibn on the earth is to Ihe Run's attraction on the moon as the 
square of the sun's distance from the moon is to the squaw of tho sun's distance 
from the earth, according to tho law of gravitation. (MS has to (lo double 
duty in this proportion : in the first ratio it represents a force ; in the second, 
a distance,) 

From this proportion EG = MS X 
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Tn figure («) llio moon is nearer to the sun than the earth is, and so EG 
(tomes out Im Hum MS. In figure (ft) the reverse is the case, and therefore 
hi this ease EG Is larger than MS. 


Now if the force re pro son ted by the line MS were parallel and equal 
to that represented by there would be no disturbance, as 1ms been 
said. If, then, we cum resolve the force MS into two components, 
<mo of which in e<|iiill mul parallel to J2G, this component will be in* 
and lmrmlcHH, and the other ono will make all the disturbance♦ 
To effect this resolution, draw through M the line ME parallel 
and equal to EG. Join KS> and draw ML parallel and equal to it, 
ML is then (he disturbing force on the same scale as MS; f.e., the line 
ML shows the true direction of tlm disturbing force, and in amount 
tho disturbing forao is equal to the nun's attraction for the moon muL 
liplicd by tho fraction ' r, m dtngoual of tho parallelogram 

MLSKte MS, wliloh represents tho resultant of the two forces MK 
uml ML, that form Its skies. 

For tho Hnlco of oloavness tho linos which represent forces in (lie figures 
are iiuUoatert hy herring-bone markings. 

442. At first lb seems a little strange that in figure (6) the dis¬ 
turbing force should ho directed away from the sun; but a little 
re I leo lion justifies the result. If JS and M were connected by a rod, 
mul tho jW-oncl of tho rod wore pulled towards the right more swiftly 
tlnin the jlf-ond, It is easy to soo that the latter would ho relatively 
thrown to the left, as tho figure shows. 


443. Tho sun Is the only body that sensibly disturbs the moon. 
The iiliuiota, of course, not upon tho moon to disturb it, but their 
muss is so small compared with that of the sun, and their distances 
ho groat, that in no case is their direct notion seusible. It is true, 
however, that somo of tho lunar perturbations are affected by the 
existence of one or two of tho planets. While they cannot disturb 
tho moon directly, they do so indirectly: they disturb the eait m 
hor orbit miflloioully to make tho sun’s action different from wba 1 
would ho If the planets did not exist. In this way the planets 
Venus, Maw, and Jupiter make themselves felt m Hie lM!U ' e > 
There are also a few small disturbances that depend upon the fact 
Unit tho earth la not a perfect nplioro. 


444, Since tho distance of tho min is nearly 400 times 
moon from the earth, the construction of the disturbing 


that of the 
force ML) 
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Fig. 147, admits of considerable simplification. Jt is only necessary 
to drop the perpendicular MP upon the lino that joins the earth and 
the sun, and take the point L upon this lino, so that EL equals throe 
times BP, The lino ML so determined will thou very apjn'oximatehj 
(but not exactly) be the true disturbing Force. 


To prove this relation, let MS, in Fig. 147, be D, TZtf— if, ME~r y ami 
EP=p, also i£ = D + 2 >, very nearly, p being negative when jfiS > PS, EG 
MS* D* 

was taken equal to MSx 


Now, 


EL = GS = (ES ~ EG) = H - 


D 9 iiJfl- 7)5 (D + ;;) a - 
(Z> H-iO g 


Developing tills expression, we have 


££ = 3 JV + 3J^ + p» 

Since ^ ia very email ns oomparod with D all the torms except the first 
nearly vanish both in numerator and denominator, and wo have 

EL — — bp (very nearly). 


445. Resolution of the Disturbing Foroe into Components.— In 
discussing the effect of the disturbing force it is more convenient to 
resolve it into three components known as the radial, the tangential, 
and the orthogonal, The first of these acte in the direction of the 
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» 

radius vector , teudlug to draw the moon either towaixls or from the 
earth. The second, the tangential, operates to accelerate or retard 
the moon's orbital velocity . 

Fig. 148 exhibits these two components at different points of the moon’s 
orbit. 
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oompom narra of thk disturbing force, 

Tl >« orthogoiml component has no existence in cases where the 
disturbing body lies in the piano of the disturbed orbit; but when¬ 
ever it lies outside of that plane, the disturbing force ML will gen- 
enilly also lie outside of the orbit-plane, and will have a component 
tending to draw the movin '/ body out of the plane of its orbit. The 
motion of the moon’s node and the changes of the inclination of its 
orbit are due to this component of the sun’s disturbing force, which 
could not he conveniently represented in the figure. 

446. The radial force in the ease of the moon’s orbit is a maxi¬ 
mum at syzygies and quadratures; in fact, at quadratures the whole 
disturbing force is radial, the tangential and orthogonal components 
I mill vanishing. At syzygies (now moon and full moon) the radial 
force is wyalive; that is, it draws the moon jYom the earth, dimin¬ 
ishing the earth’s attraction by about one eighty-ninth 1 of its whole 
amount. 

At quadrature or lmif-moon the radial force \& positive; and since 
L then fulls at J3 } it is represented by the line QE, and is just half 
what it is at; syzygies ; that is, it equals about one one hundred and 
mnmity-tiiyhlh of the earth’s attraction. 

It becomes zero at four points fid 0 dd' on each side of the line of 
ayzygios. 


This unglo is found from the condition that the disturbing force M t L v 
etc., iu Fig. MU, must lie perpendicular to the radius EM l at this point, 
which gives us Kl\ 1 1\M X i: l , \M l ; P X L X . But Pfn = 2 El \; therefore 

/VIV- ’J A7V. and tan Af,EL, = yf. 

iW | 

447. The tanijc.nliul component starts at zero at the time of full 
moon, rises to a maximum at the critical angle of 46° (having at 
Unit point a value of , | lV of the earth’s attraction), and disappears 
again at quadratures. During the first and third quadrants this 
force is netjuUm; that is, it retards the moon’s motion ; in the second 
mid fourth it is positive and accelerates the motion. 


i At sysygics ML - 2M,- a X KN (Fig. 147); but BN = fg. Therefore 

Aff, v- " t>f the shii's attraction on the moon. Now the sun’s attraction is 2,18 

M) , t t it 11 2 X 2,18 1 

times Uu* uurlh'H; lnmou NL a ~ m . tho earth's attraction multiplied, by ggg 39.2' 
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448. Lunar Perturbations.— So far it 1ms boon nil plain sailing, 
for nothing beyond elementary mathematics is required in determin¬ 
ing the disturbing force at any point in tho moon’s orbit; but to 
determine what will be the effect of thin continually varying force after 
the lapse of a given time , upon the moon's place in the slcy in n problem 
of a very different order, and far beyond our scope. The reader who 
wishes id* follow up this subject must take up tho more extended 
works upon theoretical astronomy and tlio lunar theory. A few 
points, however, may be noted here. 

449. In the first place, it is found most convonlonfc to conoldor 
tlio moon as never deviating from an elliptical orbit, but to consider 
the orbit itself as continually changing in place and for m } writhing ami 
squirming, so to speak, under the disturbing foroos ; just us If the 
orbit were a material hoop with tho moon strung upon it like a bend 
and unable to get away from it, although eho can l.m net forward ami 
backward in her motion upon it. 

450. In the next place, it is found posaiblo to represent nearly all 
the perturbations by periodical formuhe — tho same values recurring 
over nnd over again indefinitely at regular Intervals, Tills in because 
the sun, moon, and earth keep coming back into the same, or nearly 
the same, relative positions, and tills leads to recurring values of the 
disturbing force itself, and also of its offeots. 

451. Third, tho number of those separate perturbations which 
have to be taken aooount of is very largo. In the computation of 
the moon’s longitude in the American KphomorlB about seventy dif¬ 
ferent inequalities are reckoned in, and about lmlf iib many In the 
computation for the latitude . Theoretically tho number Is infinite, 
but only a certain number produce effects sciisiblo to observation. 
It Is of no use to compute disturbances that do not displace tho moon 
as much as one-tenth of a Becond of arc j Lg., about COO foot lu her 
orbit. 

•452. Fourth, in spite of all that has boon clono, tlio lunar theory 
is still incomplete, or in some way slightly erroneous. Tho host 
tables yet made begin to give Inaccurate results after flftoon or 
twenty years, and require correction, Tho almanac place of tliu 
moon at present is uot unfrequeiitly “ out" as much as fl" or 4" of 
arc ; i.e,, about three or four miles. Astrouomors aro continually at 



MTNAK VlOBTITlitlATtONft, 


276 


Wark : m f e but by our present methods 

<«*e oxMNxIuigly tut'iomi amt Iialilo to numerical error. 

433. The principnl offiiota of the sun’s disturbing action on tlm 
moon are the following: — 

Mftom Umfi, ilfMimlh. -Sine, the ,a,W co.„,», ot 
tlw ' llHtluluu S f,n '« u >s more than half the wav round 

*‘ V "" (,R,,h Hia ° of thti Hm ( >f BWgU») and is twice as'great at 
component is at quadrature, the net result is 
tlmt, taking Uui whole mouth through, tho earth’s attraction for the 
moon fa Inmnrnl bjr nearly ^ part. The effect of this is to in- 
measn tho moan distanoe of the moon from the earth, and to make 
tin! month niton t an hour longer than it would be if the sun exerted 
no disturbing form*. 


164. Xmmtl: The Herniation of the Line of Apsides. _This is 

due mainly lo the vadud component of the disturbing force. When 
tho moon comes to apogee ut tho time of new or full moon, the 
diminution .of the (huAIi'h effective attraction for the moon causes it 
to move on further than it would otherwise do 
before turning the corner, so to Hpotilc, tho con- 
HOtpumce being that tho line of apsides advances 
in the line of tho moon's motion. When the 
moon pusses perigee at that time, the effect is 
reversed, and the apsides wgrens; lmt since tho 
disturbing force in greater at apogee than at 
perigee, in tho long run the advancing motion 
predominates. When perigee or apogee is 
passed at the time of (juudmlnre y the line of up- orwt**° f 

shies is aim) disturbed; lmt the disturbances 
thus produced cmvlly hdance each other in the long run. The net 
result, us has been stilted before (Art, 288), is that the Hue of apsides 
completes a direct revolution once in about nine years (8.855 years 
— NeLson). It does not move forward steadily and uniformly, but 
its timUon is made up of alternate advance and regression. Fig, 
[ \\\ ilUwlnihm this motion of tho moon's apsides. 



For a fuller discussion of. Hit) sen Iferaohol's u Outlines of Astron* 

uiny,” hiwUoiih ) t>v Airy's <• Clvavitatioii,” pp. 80-100. 


465. Third: Thu Heymnlan of the Nodes;— The orthogonal com - 
jmml (jmemttu (not always) lands lo draw the moon towards the plane 
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of the ecliptic. Whenever this in tlio case ut the Umo wlum the moon 
is passing a nodo, the effect (as in easily booh from h'lg. lfiO) of such 
a foroo P\0 { , noting upon tho moon ut 1\, Is to shift Mm node hark- 
ward from iy, to IV 2 , tho moon taking tho now path l\b\N v Ah Urn 
moon is approaching tho nodo, tho inclination of its orbit In also in¬ 
creased; hut as tho moon loaves tho node, It in again diminished, Llm 
path being boat ut 1\ back to l\Jh } parallel to 7Vh i no that 

while by both operations tho nodo is made to recede from N| to N ;| , 
tho inoliimtlon suffers very llttlo change, If tho orthogonal component 
romalns tho same on both skies of tlm node. 

Since tho orthogonal component vanishes twice a your, — when the 
sun Is at the nodes of the moon's orbit,— and also twice a month, 
—when she is in quadrature, — the rato at which the nodc« regress 



is extremely variable. In tho long run It makes ItH backward revo¬ 
lution once in about uiiiGtoou yours (Arts. 2'IU and 61)1), []8.GiU>7 

years. — JVe/.mu.] 

See Iloi'selioPfl “Outlinon of Astronomy,” section (ISJH noqq, 

456. Fourth: The FJveclian, —This Ih an Irregularity which at llm 
maximum puts tho moon forward orbftokwurd about 1|°(1° 10'27",0i— 
Neison) } and has for its period the time which la occupied by tint 
sun in passing from tlio lino of upsides of tho moon's orbit to tlio 
same lino again; about ft year and an eighth. This Ih tho largest 
of the moon's perturbations, and was earliest discovered, having been 
dotootod by Hipparchus about 150 yours n.o., and afterwards more 
fully worked out by Ptolemy, though of courso without any under- 
standing of its cause. It was tho only lunar perturbation known to 
tho ancients, Itdoponds upon tho a Umiulc incream and dvervam of 
the eccentricity of tho moon’s orbit, which is always a maximum wlum 
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the min U passing the moon’s lino of apsides, and a minimum when 
the flun w at right angles to it. 

Tins inequality limy affect the time of an eclipse by nearly six 
hours, making it anywhere from three hours early to three hours’late 
ns compared with the time at which it would otherwise occur; it was 
this circumstance which called the attention of Hipparchus to it. 

Hue lIovstthcl’H “ Outlines of Astronomy,"’ sections 748 seqq. « 

487. Fifth: Thu Variation —• This is an inequality due mainly to 

tho, tangential component of the disturbing force. It has a period of 
one month, and a maximum amount of 80' 80”, 70, attained when 
the moon is half-way between tho syzygies and quadratures, at the 
so-called “ octants.” At the first and third octants the moon is 39!’ 
ahead of her mean place (about an hour and twenty minutes) ; at the 
second and fourth she is as much behind. This inequality was de¬ 
tected by Tycho Urnhe, though there is some reason for believing 
that it had boon previously discovered by the Arabian astronomer, 
Ahrntl Wcfn, five centuries earlier. This inequality does not affect 
the time of an eel/jm, being zero both at tho syzygies and quadra¬ 
tures, and therefore was not detected by the Greek astronomers. 

Slid liersohol’s "Outlines of Astronomy,” sections 700 seqq. 

488. tSi.ti/t: 'The Annual Equation. — The one remaining ine¬ 
quality which affects the moon’s placo by an amount visible to the 
naked eye, is llus HO-called “ annual equation.” When the earth is 
nearer tlm huh than its mean distance, tho sun’s disturbing force is, 
of course, greater than the moan, and tho mouth is lengthened a 
lit/lu; during Unit hall’ of tho year, therefore, the moon keeps falling 
behindhand) and vita w-rsa during the half when tho sun’s distance 
exceeds the mean. The maximum amount of this inequality is 
11* U'MlO, and its period one anomalistic year. 

Sen lleVMihelV “ Outlines of Astronomy,” sections 788 seqq. 

There remains one lunar irregularity among tho multitude of lesser 
ovk»h, which is of great interest theoretically, and is still a bone of 
contention among mathematical nalvonomers; namely,— 

460. Stuianih: The Secular Acceleration of the ifoon’s Mean. Mo¬ 
tion. — It was found by Halley, early iu the last century, by a com* 
pnrlflon of undent with modern eclipses, that the month is now 
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certainly shorter than it was in the dayn of JTolmny, mid tlinl» Mm? 
shortening has been progressive, uppanmtiy going on roiillnuoiiKly, 
— in swcula Htmtlovutoi) — wluyiuo Mu? name. In MW years tho 
moon, according to tlui results of Laplace, gets in advunee of il* 
moan place about 10", and the adoanco inamwa with tin' Htjttare of 
the, time , no that in a thousand yearn it would gain nearly 'HMIO*', 
and in 2000 yearn -1000", or more than a degree. The moon a! 
present is supposed to bo Just about a degree in advance of the pnsL 
lion it would have hold if It had kept on since the Christian cm 
with precisely the rate of motion it then Imd. If this neeelemUoii 
wore to continue indefinitely) the ultimate result would be that the 
moon would fall upon the earth, as the quickened motion corresponds, 
to a shortened distance. 

400. It was nearly 100 years after [[alley’s discovery before 
Laplace found its explanation in the decreasing eeeen trinity of I ho 
earth's orbit. Under the action of the other planets this orbit is now 
growing more nearly circular, without, however* changing the length 
of its major axis. Thus its area hmmott buyer, and Ihe earl If s nrvrtujr 
distance from the sun becomes greater (although the mvau disluiiec, 
technically so-called, does not change, the “mean distance 11 being' 
simply half the major axis). As a result of thin rounding up of the 
earth’s orbit, Wu) average, disturhhaj force of the sim is thervfarv rthuin - 
(shed, and thin diminution allows the month to come maim 1 the length 
it would lrnvo if there were no huh to disturb the motion ; that is Lo 
say, the month keeps shortening little by little, iuid it will eoiUhmn 
to do so until the eccentricity of the earth's orbit begins to increase 
again, some 25,000 years bonce. 

481. Hut Lho theoretical amount of iIun neenlorntlnii, about U" in n 

century, does not agree with the value obtained by .upiniiig the innal 

mi clout ami modern oelipnos, which In about 12"; mu! thin value, again, i|ne:t 
not agree with tho one derived by comparing modern obnervatioim of Mm 
moon with those made by tho Arabians about a thousand years ago, whieli, 
according to recent investigations by Professor Newcomb, indlnife an 
acceleration of only about 8". 

So long as tho actual acceleration was considered to be pj", it was genor- 
ftlly supposed that tho discrepancy between the theoretical and observed 
result h due to a retardation of the. earth's rotation hg the fririitm tf iht 
tides, and a conscfptcni lengthening of the day. Kvhleiilly if Hie day and 
the Hcoondfl become a little longer, there will bn fewer of them in each 
month or year, and tho apparent effect of such a change would be lo slmrlen 
all really constant astronomical periods by one and the mime percentage. 
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Aa matteis stand today it is baldly possible to assnfc with cnnflrlemce 
that llicio is any leal disciepiuioy to bo accounted foi between tlio thooiet- 
lcal and obaoivod values, the laltei being considoi ably unaciUin In New¬ 
comb’s li Populai Astionomy ” (pp 00-102) theio will bo found an liiteiGstiiig 
and tiustwoithy discussion of tlio subject 

Questions like tins, and thoso 1 elating to tlio lomnunng discrepancies 
between tho lunai tallies and the obsoivcd places of oiu satellite, he on tlio 
voiy Ciontieis of mathematical astionomy, and can bo dealt with only In 
tho ablest and most skilful analysts 

TUB TIDES 

462 Just ns the distiulmig ioico duo to tho sun’s attraction 
affects the motions ol tho moon in hei oilnt, so tho distuibing 
foiccs due to tho atti notions of the moon and sun acting upon tho 
Hinds ot the oaitil’s siufuoo pioduco the tiden These consist of tho 
icgular liso and full ot the water of tlio ocean, the avciago mtoival 
between successive high waloia being 2l l1 51 111 , which is piooiecly 
tho same as the avoiago mtoival between two suceossivo passages of 
tho moon noioss the meiidian. Tins coincidence, maintained mclofi- 
mtcly, of itself makes it coilam that tlieio mu«t oc some causal con¬ 
nection between the moon and the tides. As some one has said, the 
odd f)l minutes is the moon’s " eai-maih ” 

463* Definitions —When the water is using, it is "Jloorl” tide , 
when falling, it is u ebb ” It is u highi wale) ” at tlio moment when 
the tide is highest, and "low water” when it is lowest " Spring 
tiden” mo the highest tides of the month (which oooui near tho 
tunes of new and lull moon), while “nmp talon” aio the smallest, 
winch occur when the moon is in quadrature* The lolallvo heights of 
the spring and neap tides aio about as 7 to d. At the time 
of spimg tides tho mtoival between the ooiicspoiuling tides of suc¬ 
cessive dajs is less than the uvcingc, being only about 24 h 38 1 ' 1 , 
and then tho tides arc said to "pnme” At neap tides the interval 
is 23 h b in > wlnoh is giealer than tho mean, and tho tides 14 lag” 

The “ establishment” of a poll is tlio mean intoival between the 
limo of high water at that poll and the next preceding passage of 
the moon across tho meridian At Now York, for instance, this 
“ establishment” is 8 h 13 m , althougii tlio actual interval vaiics about 
22 niinulos on each side of tho menu at diffoient times of the month 
That the moon is largely responsible fot tho tides is also shown by 
the fact that tho tides, at tho time when the moon is in perigee, aio 
nearly twenty por cent higher than thoso which occur when she Is lu 
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apogee. The highest tides of all happen when a new or full moon 
occurs al the time the moon -is in perigee, especially if this occurs 
about January 1st , when the earth is nearest to the sun . Since, ns 
we shall see, the “ tide-raising” force varies inversely as tho ouho of 
the distance, slight variations in the distance of tho moon and sun 
from tho earth rtmko much greater variations in tho height of tho tide 
—greater nearly in tho ratio of 8 to 1, 

404. The Tide-Raising Foroe. —Tills is tho difference botwoen the 
attractions of tho sun and moon (inafniy tho latter) on tho main 
body of the earth, and tho attractions of tho aamo bodios on parti¬ 
cles at different parts of tho earth's surface. Tho tide-raising force 
is but a very small part of tho whole attraction. 

The amount of this disturbing force for a pnrtioio at any point 
on the earth's surface can bo found approximately by tho flftino geo* 


n 



Fia. 151. — Tho IToon'i Ttdo-Raising Foroe on Uio Enrth, 

metrical construction which was uboc! for the lunar theory (Art, 
441). Draw a line from tho moon through tho oontro of tho earth. 
At the points A and B, Fig. 151, where tho moon is directly over 
head or under foot, the tide-raising force is directly opposed to gravity, 
and equals nearly fa of the moon’s wholo attraction, shioo tho lino Au 
represents the disturbing force on tho same scalo as tho lino from A 
to the moon represents tho moon’s attraction, and this line, AM h In 
about sixty times the onrth’s radius, whllo Aa 1b just doublo it, bo 
oaiiso Ga has to be taken equal to 3 X CJA (Art. 444). 

Since tho moon’s mass is only about fa of the earth’s, and its dis¬ 
tance is sixty radii of the earth, this lifting force undor tho moon, 
expressed as a fraction of the earth's gravity, equals 

■H^^'bV^86^0(J C= 8 0 4UOOO * 

i.e., a body weighing four thousand tons loses about one pound of its 
weight when the moon is over head or under foot. 

At D and E, auywhere on the oirole of tho earth’s surface whioli 
is 00° from A and B , the moon’s disturbing force focreasca the 
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weight ot n body by just bull this amount, the ciistmbing foice being 
mciibUiotl by tlio lines DO and JSC'. At a point F, situated anywheic 
on a cut'lo iluiwn mound either A 01 B with a mbits of 54° 44 f , the 
nciijht of a body is neithci lncicascd nor decieased, but it is uiged 
lownnlb A oi B with a lioiuontal foice cxpiesscd by the lino F/ y 
winch foico is equal to about -rruffinnnr ot lts weight 
Tn Hit 1 sillin’ way the tidal foices at G and II me expiesscd by the 
lines (II mid Till 


46B Tim satno lesull foi the lifting foico dnectly undei the moon may 
lio obtained mmo exactly ns follows The distance fiom the moon to the 
(initio of lho cuitli is sixty linies tlio eaith’s ladnis, and theiefoio the 
distance fiom tlio moon to the points d and J3 lcspectively will bo 50 and 
01 The moon’s nUiacUon at A, C, and B, expiessed as £iactions of the 
oailh’a giavity, will ho as follows — j 

A Hi notion of moon oil pmtiolo at A = 0 Xjfp= 0 bOOOCft>910 Xy 

AUiaction of moon on pm tide at 0 = flrX^j= 00000034723 Xy. 

Atti notion id moon on pm tiolo at tt ~ g X 0 0000033508 x 9' 
Ilonco A-C ■ 0.0000001187 <j - 

(!~ li 0 (1000001130 if — 


Thta is mmo eoueot than the puioodmg, which is based on an approxim* 
tmn that oousnlms tho moon’s distance ns vcdj huge comp.ned with the 
oaith’H ,minis, while it is teally only sixty times ns gieat, and sixtyis hardly 

n,’<v('iv lmno" iuiniboi in mu.lniouso 

Attempts have boon .undo to oh^vc dnectly the vauat.ons m he foice ol 
ou V tv tiioduccd by til.) moon’s ueL.on, hut they a.e too small to he detected 
tilh uu lamly hy any oxpoihmmtat method yet contnved Both Darwin 
l S jS, U found that other causes which they could not get»id of pioduced 
SuXni moio Hum snfllmul to mask tho whole action of the moon 

460 U is wmtli while to nolo in this connection that the maxnmun 

»»•>«» - 
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467. It 1 b very apt to puzzle the Bhutant that the moon's action 
should be a lifting force at B as well aa at A (Fig. lfil). Ho in 
likely to think of the earth as Uxed, and the moon also flxod ami 
attracting the water upon the earth, In which case, of courao, the 
moon’s attraction, while it would decroose gravity at /I, would inercusu 
it at B. 

X) The two bodies are not flxod, 

however. Lot him think of tho throe 
particles at A, 0> and B> Fig. If*2, 
as unconnected with each other, and 
falling freely towards the moon; 
then it is obvious that thoy would 
separate; A would fall fastor Hum 

Fig. 162.—«Tbe Statical Theory of tho Tldoa. aild 0 than 7JL NOW imagine 

them connected by an olastic cord. 
It is obvious that they will still draw apart until the tension of the 
cord prevontB any further separation'. Its tension will then measure 
the “ lifting force ” of the moon which tends to draw both the par¬ 
ticles A and B away from 0, 

468. The Bun's Aotion. —This is precisely liko that of the moon, 
except that tho nun’s distance, instead of being only sixty times tho 
earth’s radius, is nearly 28,500 tlmoa that quantity. Since the tide- 
raising power varies as tho cube of tho distance inversely, while the 
attracting force varies only with tho inverse square , It turns out that 
although the sun’s attraction on the earth is nearly 200 times as 
great as that of tho moon, its title-raising power is only about Imi- 
Jlflha as much. When the sun is over head or under root, hlu dis¬ 
turbing force diminishes gravity by about 

469. Statical Theory of the Tides.—If tho earth wore wholly 
composed of wator, and If it kept always tho snmo faoe towards llm 
moon (as tho moon does towards the oarth), so that every particle <m 
the earth’s surface was always subjected to tho same disturbing force 
from the moon, then, leaving out of account the sun’s notion, a per¬ 
manent tide would be raised upon the onrtli, distorting It Into a 
lemon-shaped form with tho point towards tho moon. It would lie 
permanently higher water at tho points A and B (Fig. 152) directly 
under the moon, and low wator all around tho earth on tho otrolo 00° 
from these points, as at D aud E. Tho difference of tho level of 
the water at A and D would In this case bo about two feet. 
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The Hun's notion would produce a similar tide superposed upon 
the lunar tido and having about two-fifths of the same elevation. If 
the two tido summits should coincide, tlio resulting elevation of the 
high water would bo the sum of the two separate tides. If the sun 
wore 00° from the moon, the waves would be in opposition, and the 
Insight of the tido would be decreased, the solar tide partly filling up 
the depression at the low water due to the moon’s action, 

Suppose now tho earth to be put in rotation. It is easy to see 
that those tidal waves would tend to move over the earth’s surface, 
following tho moon and sun at a certain angle dependent on the 
inertia of tho water, and with a westward velocity precisely equal to 
that of the earth's eastward rotation, — about a thousand miles an 
hour at the equator. But it is also evident that on account of the 
varying depth of the ocean, and the irregular form of the shores, the 
tides could not maintain this motion, and that the actual result must 
buuomo exceedingly complicated. In fact, the statical theory be¬ 
comes utterly unsatisfactory in regard to what actually takes place, 
itml it is necessary to depend almost entirely upon the results of 
<ih&crration, using "the theory merely as a guide in the discussion of 
the observations. 

Yet while thin statical theory of the tides worked out by Newton is 
certainly inadequate, and in some respects incorrect, it easily furnishes the 
explanation of some of tho most prominent of the peculiarities of the tides. 

470. Tho Priming and Lagging of the Tides, — About the time 
of unw mid full mumnas has boon stated before (Art. 483), the interval 
ImUveeu Urn corresponding tides of successive days is about thirteen minutes 
l IW H than Urn uvorugo of 24* 51% while ft week later it is about as much 
Longer. The reason is found in the combination of the solar and lunar tides. 



On the (hvYB of nw and full moon the two tides coincide, and the tide 

observation. 
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At quadrature the crest of the solar tide will bo just 1)0° from tho Great oC 
the lunar wave, but it will leavo tbo summit of the combined wave just whom 
it would be if there were no solar wave at all: evidently there Is no possible 
reason why the smaller wave at £ and 5' should dlsplnco the erost of tho wave 
at L (Fig. 153) towards the right that would not also roquire ita <linpluoonitml; 
towards the left; it will therefore simply /ower* tho wave lit L without dis¬ 
placing ft*ono way or tho other. But when tho solar tide wave jS\S' (Fitf. 
154) has its crest at £, and 45° from L and L f , as it will do about Hi mo 
days after now or full moon, then its combination with tho lunar wave will 
make the oresfc of the combined wave take position at a point X butwoon llm 
two crests, and about lmlE an hour of time ahead (wart) of tho Uinur Lido; 
so that at that time of tho month high water will occur about liftU an hour 
earlier than if there wore no solar tide (since tho tido waves travel westward). 
And this half-hour has to bo gained by diminishing thu interval botwomi 
the successive tides for the three preceding days, Similar reuwming shows 
that when the solar tide crest falls at S 3 and 6'/, tho combined tide wave will 
be eaat of the lunar wave, and come later into port. 

471. Effect of the Moon’s Declination and Diurnal Inequality.— 
Tn high latitudes on the Paoific Oooau, twice u month, when tho moon in 
farthest) north or south of the col ostial equator, Iho two tides of tho duy urn 

very different in magnitude. When llui 
moon’s doolination is zero, thorn is tu> 
Buoh dlfforouco: nor is there over any 
difference at porta which are near tho 
earth's equator. 

Fig. 156 makes it clear why It slumid 
bo so. When tho moon's doolination is 
zero, things are ns in Fig. 152 (Art. 
400), and tho two tides of tho samo 
clay arc sensibly equal at porta in all 

3ho. WD, The Dlum.1 Inequality. latitudes. WJlOtl tllO IHOOU is id lmr 

greatest northern doolination, suy 28°, 
the two tido summits will bo at A and A 1 in Tig. 155) tho tido which 
occurs at B whon tho moon is overhead will bo grunt, while Urn tido in Urn 
corresponding southern latitude at B 1 will ho small. Tho tides which 
oedur twelve hours later will bo small at tho northern station, then situated 
at C, and large at the southern station, then at C. For a port on llm 
equator at E or Q there will bo no such difference:. In the Atlnniio Oeniin 
the difference is hardly uoticeable, because, ns wo shall see vory soon, Uio 
tides in that ocean are mainly (not entirely) duo to tido waves propagated 
into it from the Pacific and Indian Oceans around tho Cape of (loud Hope. 

472. The Wave Theory of the Tides. —If tlm onrth wore entirely 
covered with deep water, except a few little glands projecting here 
and there to serve for observing stations, tho Udo waves would run 
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around t;ho globe regularly ; and if the depth of the ocean won* over 
thirteen miiofl, the tide crests, us win be shown, would follow the 
moon At an angle of just 1)0°. It would be high water just where the 
statical theory would give low water. If tlie depth were (as it really 
is) much less than thirteen miles, the tide wave in the ocean could 
not keep up with the moon, and the result would be a very compli¬ 
cated one. The real state of the case is still worse. The continents 
of North and South America, with the southern antarctic continent, 
make a barrier almost complete from pole to pole, leaving only a 
narrow passage at Cape I-Iom ; ancl the varying depth of the water, 
and the irregular contours of the shores are such that it is quite 
impossible to determine by theory what the course and character of 
the tide wave must bo. Wo must depend upon observation; and 
observations are inadequate, because, with the exception of a few 
islands, our only possible tide stations are on the shores of continents 
where local circumstances largely control the phenomena. 


473. Free and Forced Oscillations. — If the water in the ocean is 
suddenly disturbed (as for instnnee, by an earthquake), and then 
left to itself, a u free" wave will be formed, which, if the horizontal 
dimensions of tho wave arc largo as compared with the depth of the 
water, will travel at a rate depending solely on the depth^ The veloc¬ 
ity of such ii free wave is given by the formula ti = VgA; that is, it 
is equal to the velocity acquired by a body in falling through half the 
depth of the ocean . 



Observations upon tho waves caused by certain earthquakes in 
Smith America mid Japan have thus informed us that between the 
coasts of those countries the Pacific averages between two and one- 
Imlf and throe miles in depth. 


474. Now, us tho moon in its diurnal motion passes across the 
American continent each day, and comes over the Pacific Ocean, 1 
starts such a “parent’* wave in the Pacific, and the wave once 
started moves on newly (but not exactly) like au eai lqua e via . 
Not exactly, because the velocity of the earth’s rotation being about 
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1 Or>0 miles an hour at the equator, the moon runs relatively westward 
faster than the wave can naturally follow, and so for a whilo slightly 
nccelerates Lt. A second tidal wave is produced daily twelve hours 
later when the moon passes underneath* The tidal wave is thus, in 
its or iff in „ a forced oscillation } while in Its subsequent travel it is •pretty 
nearly a free one . 

470. Co-Tidal Lines.—These are lines drawn upon the surfaco 
of the ocean connecting those places which havo their high wntor at 
the same momont of Greenwich timo. They mark the crost of the 
tide wave for caeli hour of Greenwich time; and if we could draw 
them with certainty upon tho globo, wo should hayo all necessary 
information as to the motion of the wave. Unfortunately we can 
obtain no clireot knowledge as to the position of theao linos in mid- 
ocoan; wo only got a few points here and there on tho coasts and 
on island a, so that a groat deal necessarily remains conjectural. Fig. 
156 is a reduced copy of such a map, borrowed with some mod Men¬ 
tions from that given in Gnyot’s “ Physical Geography.” 

470. Course of Travel of the Tidal Wave. — On studying the map 
we And that the main or “parent” wavo starts twice a day in tho Pacific, 
off Callao, on tlio const of South America. This is shown on tho chart 
by a sort of oval “oyc” in tho co-tidnl Hues, just as a mountain summit is 
shown on a topographical chart by an “eye” in the contour linos. Prom 
this point the wavo travels northwest through tiro deepest water ol tho 
Pacific at tho rate of about 850 miles per hour, ronohhig Kanifcohatka in 
about tea hours. To tho west and southwest the water is shallower and 
tho travel slower, — only 400 to 000 miles per hour, ■— bo that tho wavo arrivcH 
nt Now Zealand in about twclvo hours. Passing on by Australia, and com¬ 
bining with tho small wave which the moon raises directly in tlio Indian 
Ocean, tho resultant tide oreab roadies the Capo of Good IIopo in about 
twenty-nine hours, and enters the Atlantic. Here it combines with the tide 
wave, twenty-four hours younger, which has "Imoked” into tho Atlantia 
around Cape Horn, and it is modified also by tho direct tide produced by tho 
moon's action upon the waters of the Atlantic, The resultant tide oreHfc 
then travel a northward through the Atlantic at the rate of nearly 700 miles 
per hour. It is about forty hours old when it first readies tho oonst of the 
United StatoB In Florida, and our coast is so situated that it arrives at all 
the principal porta within two or three hours of that time. It is forty -01101 
or forty-two hours old when it arrives at New York and Boston, To roaoh 
Loudon it has to travel around the northern end of Scotland and through 
the North Sen, and-is nearly sixty hours old when it arrives at that port and 
the ports of the Gorman Ocean, — Hamburg, etc, * 

In the great oceans there are thus three or four tide crests travelling 



Fig. 156. —Map of Cutidal Lines. 
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simultaneouslyi following each other Hourly in the flnmo track, but with 
continual minor changes, owing to the variations in tho relative positions u£ 
the sun and moon and their changing distances and doolinatioiiH. If wo tako 
into account the tides in rivers and sounds, tho number of fumuRaneoun 
tide creRta must be at least bIx or seven; that is, tho high water at tho 
extremity of its travel, up the Amazon ltivor, for instance, must bo ab least 
three or four days old, reckoned from its birth in tho Pacified 

s 477. Tides in Elvers.—Tho tido wave ascends a rlvor at n rnto 
which depends upon tho depth of tho water, tho amount of friction, 
and the swiftness of the stream. It may, and generally (loos, uhoqiuI 
until It comes to a rapids where the ’velocity of the ivalar in greater than 
that of the wave. In shallow streams, howovor, it dlos out earlier. 

Contrary to what 1 b usually Bupposod, it often ascoiulH to an olovatiou far 
above that of the highest crest of tho tido wave at the river’s mouth. In tho 
La Plata and Amazon it goes up to an elevation at least ono hundred font 
above the sea-level, The velocity of llio tido wave in a river seldom axceods 
ten or twenty miles an hour, and is usually loss. 

s 

478. Height of Tides, — In mid-ocean tho dliroronoo botwoon high 
and low water is usually between two and three foot, aw observed 
on isolated deep-water islands in tho Paolfio; but on tho continental 
shores the height is usually much greater. As soon as the tido wave 



Fio. 1fl7. — IucreBHo In Height of Tide ud nppronolilng tlio Shore, 


touches bottom, so to speak, the velocity is diminished and tho holght 
of the wave is increased, something as in tho annexed figure (Fig. 
157) , Theoretically tlio height varies inversely as the fo\trlh root of 
the depth . Thus, where the water is 100 foot deop, the tido wave 
should bo twice as high as at tho depth of 1000 feet. 

Where the configuration of the shore forces the wave into a corn nr ^ 
it sometimes becomes very high. At tlio head of tlio lhiy of 
Fundi*| tides °f seventy feet are not uncommon, and an altitude of 
100 feet is said to be occasionally attainod. 

At Bristol, England, in the mouth of the Severn tho tido rison fifty foot, 
and sometimes ascends the river (as it also docs tho Seine, in Franco, and 


1 We are greatly Indebted to Loomis's discussion of tho aubjeot in IiIb “Ele¬ 
ments of Astronomy.” 
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the Amazon) as a breaking wave, called tho “hove” ov “ eiger'* (French, 
r nn&caret ), with a nearly vortical front five or .six feet in height, Crested with 
foam,'and very dangerous to small vessels, On the cast const of Ireland, 
opposite to Bristol, Urn lido ranges only about two feet. 

In mid-ocean tho water has no progressive motion, but near the land 
it lias, running in at tho flood to fill up tho hays and cover the flats, and 
then running out again at tho ebb. The velocity of those tidal must 

not be confounded with that of tho tide wave itself. 

479. Reflection and Interference. —Tho tide wave when it reaches 
tho shore is not entirely destroyed, especially if the coast is bold and 
the water deep; but is partly reflected, and the reflected wave goes 
back into the ocean to meet and modify the new tide wave which is 
coming in. Of course, in such a case we get “interferences,” so 
that on islands in tho Pacific only a few hundred miles apart we find 
groat differences in the heights of tho tides. At one place the direct 
waves and the waves reflected from tho shores of Asia and South 
America may conspire to give a tide of three or four feot, or nearly 
double its normal value, while at another they nearly destroy each other. 

There are places, also, which arc reached by tides coming by two different 
routes, Thus on tho east coast of England and Scotland the tide waves 
come both around tho northern end of Scotland and through tho Straits of 
Dover. In Homo places on this coast wo have, therefore, a tide of nearly 
double height, while at others not very far away them will ho hardly any 
tide at all; and at intermediate points there are sometimes four distinct 
high waters in twenty-four hours. As a consoquenco of this reflection nml 
interference of the tide waves it follows that if tho tide-raising power were 
suddenly abolished, tho tides would not immediately ecase, but would con¬ 
tinue to run for several days, and perhaps weeks, before they gradually died 
out. 

480, Effect of the Varying Pressure of the Barometer, and of 
the Wind.—When tho barometer at a given port is lower than 
usual, the level of the water is generally higher than tho average, 
at the rate of about one foot for every inch of tho mercury in tho 
barometer; and vice verm when it is higher than usual, 

When the wind blows into the mouth of a harbor, it drives in 
tho water of tho ocean by its surface friction, and may raise the 
water several foot. In such cases the time of high water, contrary 
to what might at first be supposed, is delayed, sonietimos as much as 
lifteon or twenty minutes. 

This result depends upon tho fact Hint the water runs into the 
harbor for a longer time than it would do if the wind wore not blow- 
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mg. The normal depth of the water on the bar is readied brfore 
the predicted time, so that at the predicted time the water la doopnr 
than it would bo if there were no wind, but the maximum dopth Is 
not attained until some time later. Of course, the results nro tho 
opposite when the wiud blows out of tho harbor: the tiino of high 
water cornea earlier, and the dopth of water on tho bar at the pre¬ 
dicted time of high water la less than it othorwiso would bo. 

481. Tides in Labes and Inland Seas,— Those nro small and dlfll- 
ault to detect. Theoretically, the range between high and low water in a 
land-locked sea should bear about the same ratio to tho mo and fall of tho 
tide iu mid-ocean that the length of the sea does to tho diameter of the earth. 
Variations in the direction of the wind and tho bavomotrio prossuro ceuino 
continual oscillations in the wuter-lovol which, oyon in a quiet lake, are mil all 
larger than the true tides; so that it ia only by taking a long wirlos of obser¬ 
vations, and dismissing fchciji with reference to the moon's position In tlioaky, 
that it is possible to separate tho veal tide from tho dffeela of other onuses. 
In bake Michigan, at Chicago, a tide of about one and throc-quartora inches 
has thus been detected, the "establishment” of tho port being about thirty 
minutes. In Lake Erie, at Buffalo and Toledo, tho tido U about lliroo-quartorH 
of an inch. On the coasts of tho Mediterranean the tide avornges about 
eighteen inohes, attaining a height of three or four foot at tho head of Homo 
of the bays. 

483. The Rigidity of the Earth. — Sir W. Thomson has ondonv- 
orwl to make the tides the criterion of the rigidity of the earth’s corn. 
Evidently if tho solid parts of tho earth worn fluid, there would 1m no 
observable tide anywhere, slnoa tho whole surface would rise and fall 
together. If the earth were semi-solid, so to speak (that Is, viscous, 
and capable of yielding moro or less to tho forces tending to oluingo 
its form), the tides would be observable, but to a less degree than If 
the earth's core wore rigid. And with this furthor peculiarity— since 
ft viscous body requires time to change its form, waves of short period 
would he observable upon tho soml-aolid earth noarly to tliolr full ex¬ 
tent, wlillo those of long period would almost entirely disappear, 
owing to the slow yielding of the earth's orust. Now tho actual tides 
wave, as obsorved, is really made up of a multitude of component 
tide waves of different poriods, ranging from half a day upwards. 
According to tho “ prinoiplo of forced vibrations'' oyory regularly 
recurring periodic change In the forces which act on tho surface of 
the ocean must produce a tide of greater or less magnltudo, and of 
exact!} 1 corresponding period, 
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\V(' have, for instance, tlio .semi-diurnal, solar, and lunar tides; then the 
Uvo monthly tides duo to tho change in the moon's distance and declination, 
mid tho two annual tides due to the changes of the sun's distance aud 
declination, not to speak of tho nineteen-year tide due to the revolution of 
tho moon's nodes* . 


A thorough analytical discussion: of thirty-three years’ tidal oln 
nervations at different parts of tho world has been made under the 
direction of Sir AV. Thomson by Mr* George Darwin, with the result 
that not only do tho short waves show themselves, but the warn of 
hmj period are found to manifest themselves with almost their full 
theoretical value. Thomson's conclusion is that the earth as a whole 
“ must he more rigid than steel, but perhaps not quite so rigid as 
glass ” This result is at variance with the prevalent belief of geolo¬ 
gists that the core of the earth is a molten mass, and lias led to much 
discussion which wo cannot deal with here. 


483. Effect of the Tides on the Earth’s Rotation.— If the tidal 
motion consisted merely in the upward and downward motion of the 
particles of thu ocean to the extent of two feet or so twice a day, it 
would involve a very trifling expenditure of energy; and this is the 
case with the mid-oocan tide* But near the land this almost insensi¬ 
ble mere oscillatory motion is transformed into the bodily travelling 
of immense manses of water, which flow in upon the shallows and 
then out again to sen with n groat amount of fluid friction; and this 
involves the expenditure of a very considerable amount of energy 
which is dissipated ns heat. From what sources does this energy 
eome? Tho answer is that it must be derived mainly from the 
rnrUfs mertnt of rotation , and tho necessary effect is to diminish that 
unonrv hv lessening the speed of the rotation. Compared with the 
earth's whole stock of rotational energy, however, the loss of it by 
tidal Motion, even in a century, is very small, and the eftect on the 
length of the day is extremely slight. 

Tho it*.tor will vocu.ll tlm remarks upon the subject of the secular accel- 
untUuu of Uiu moon’s moan motion ft tow pages back (i i . )■ 

White It to coi'tain that tho thbl Motion («»* *>to»8‘"o» «»■>»* 
it docs not; follow that tho day really grows lon^e*. 

, Pr,v nvfinmlQ the earth's radiation of heat 
counteracting ciuihoh: — ” 01 cAftnip e, 

into space, and tlm consequent shrinkage of lier vohi . 

■ Zmttos.nn.lt.o ■"> know 
roallv longer or shorter tlrnn it was a thousand 5 ears a e o. 



292 


the tideb. 


change, if any has really occurred, can hardly bo as great as rc 1 crcr 
of ft second. 


484. Effect of the Tide on the Moon’s Motion.—Not only docs 
the tide diminish the earth*a energy of rotation directly by the tidal 
friction, but, theoretically, it also communicates 
a minute portion of that enorgy to the moon. It 
will be seen that a tidal wave, situated as In Pig. 
158, would slightly accelerate the moon's motion, 
the attraction of the moon by the tidal protuber¬ 
ance F being slightly greater than that of the 
tide wave at F 1 —n difference tending to draw 
it along in its orbit a little, thus increasing the 
major axle of the moon's orbit. Tho tendency 
is therefore to make the moon recede from tho 
earth, and to lengthen the month. 


Upon this interaction between tho tides and 
the motions of the enrth and moon Professor 
George Darwin has founded his theory of “tidal 
evolution"; namely, that tho satellites of a planet, 
hftviug separated from It millions of years ago, 
have been made to recede to their present dis- 



Fio. 10B. 

Effect of Lhe Tide on the 
ifoon'i* ITotlon. 


tances by just such an action. 


An excellent popular statement of the theory will bo found In tho closing 
chapter of Ball's “ Story of the Heavena. J ’ The original papers of Mr, Darwin 
in the “Philosophical Transactions 11 are of course intensely mathematical. 
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CHAPTER XIII, 


THE PLANETS : THEUt MOTIONS, APPARENT AND REAL. — 
THE PTOLEMAIC, TYCIIONIO, AND COPERNIOAN SYSTEMS. 
— THE OH HITS ANI) THEIR ELEMENTS. — PLANETARY 
I’lOll'l'Ult RATIONS. 


485, For the most part, tho stars keep tlielr relative configurations 
U lie Imaged, however much they alter their positions in the sky from 
hour to hour. Tho “ clipper ” remaius always a “ clipper ” iu what- 
‘ever part of the heavens it maybe. But while this is true of the 
stars in general, certain of the heavenly bodies, and among them 
those that uvo tho most conspicuous of all, form an exception. The 
sun and moon continually change their places, moving eastward 
among the stars ; and certain others, which to the eye appear as very 
brilliant slurs, also move, 1 though not in quite so simple a way. 


48G. Those bodies were named by the Greeks the “jitoiefs”; that 
is, “ wanderers.” The ancient astronomers counted seven of them. 
They reckoned the sun and moon, and in addition Mercury, Venus, 
Mars, Jupiter, and Saturn. 

Venus and Jupiter tiro at all times more brilliant than any of the 
ftxoil stars. Mars at times, but not usually, is nearly as bright as 
Jupiter; and Saturn is brighter than all but a very few of the stars. 
Mercury is also bright, but seldom seen, because always near the sun. 

At present tho sun and moon are not reckoned as planets; but 
tho roll includes, in addition to the five other bodies known by the 
undents, tho earth itself, which Copernicus showed should be counted 
among them, and also two new bodies of great magnitude (though 
inconspicuous because of their distance) winch Imve beeu discoveicd 
in modem times ; then thcro is in addition a host of so-called «*- 
which circulate in tho otherwise vacant space between 

planets Mars and Jupiter.____ 

the dknml motion is not taken into account, AYe apeak 
Uw $tw% ' 
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487. The list of the planets in the order of distance from the sun 
stands thus at present: Mercury, Venus, the Kartli, Mars, Jupiter, 
Saturn, Uranus, and Neptune ; and between Mars and Jupiter, in the 
[jlace where a plnuet would naturally be expected to vovolvo, there 
are at present known nearly 800 little planots, winch probably repre¬ 
sent a single one, somehow “ spoiled in the making,” bo to speak, or 
burst into fragments. 

The planets are all dark bodies, shining only by roflouted sun¬ 
light,— globes which, like the earth, revolve around the sun in 
orbits nearly circular, moving all in the name dtrootion, and (with 
some exceptions among the asteroids) nearly in the common piano of 
the ecliptic and sun's equator. All of them but tho inner two and the m 
asteroids are also attended by “ satellites. 1 ” Of those the earth lias ono 
(the moon), Mars two, Jupiter four, Saturn eight, Uranus four, and 
Neptune one; i,e ,, so far as at proseut known ; for although it is hardly 
probable, it is not at all impossible that others may yet be found. 


488. Relative Distances of Planets from the Sun: Bode’a Law. 
— There is a curious approximate relation botwoon tlm (listaneus 
of the planets from the sun, which makes it easy to remember them. 
It is usually known as Bode’s Law, because Bode first brought; it 
prominently into notice in 1772, though Titins of Wittenberg scorns 
to have discovered and enunciated it some years oarlior. Tho law is 
this : Write a series of 4’s. To the second 4 add 8 ; to the third add 
3 x 2, or 6 ; to the fourth, 8 x 4, or 12; and so on, doubling the 
added number each time, as in the^accompanying schomc. 


4 4 4 4 

8 12 
4 7 10 16 

$ 9 0 9 


4 4 4 

24 _48 JHJ 

[28] 62 100 

® % \ 


4 . 4 

102 384 

100 388 
V V 


The resulting numbers, divided by 10 , are pretty nearly tho true 
mean distances of the plauots from tho sun, in terms of tho radi uh 
of the earth’s orbit. In the case of Noptuno, howovor, tho law 
breaks down utterly, and is not even approximately correct. 

For the present, at least, the law is to be regarded as a mere 
coincidence, there being so far no reasonable explanation of any 
such numerical relation. 


The general expression for the nth term of the series is 4+ 8 X ■ 
but it does not hold good of the first term, which is simply 4, instoad of 
being 6*, U, (4 + 8 x 2~ l ), as it should be. 
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489. Table of Names, Distances, and Periods. 


Name. 

Bvmuol, 

Distance, 

liODJS, 

I) IFF, 

8tl). l’BIUOD, 

1 SYN. 
j l'KltlOU. 

Mercury, , . , 

V 

0.387 

0,4 

— 0.013 

88* 1 nr il m 

11C' 1 

Venus. 

? 

0.723 

0.7 

-h 0.023 

224.7 <l nr V>"' 

584* 1 . 

Karth . , . , . 

© 

1.000 

1.0 

0.000 

SOD.] <> or l y 

, » . 

Mnrs. 

$ 

1,623 

1.0 

-0.077 

087" or ly 103"' 

780" 

Mean Asteroid 


2.050 

2.8 

-0.150 

3y,l to 8>\0 

various 

Jupiter .... 

% 

6.202 

6.2 

+ 0.002 

1U.0 

300" 

Saturn. 

k 

0.630 

10.0 

— 0.401 

2i)y.5 

378"' 

Uranus , , . , 

6 &V 

10.188 

10.0 

-0,417 

84y.o 

370" 

Neptune , , , , 

l 

w 

30.054 

38.8 

— 8.740! 

ioiy.8 

307J" 
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400. Fig. 169 allows the snmilor orbits of the system (including Urn orbit 
of Jupiter) drawn to scale, the radius of the earth's orbit boing lulcon ns one 
centimetre. On this scale tho diameter of Saturn's orbit would bo W 11 .OK, 
that of Uranus would be 38 mn .80, and that of Noptuno, (H) 0111 .11. Thu 
nearest fixed star on the same soalo would bo about a mile and a qmirlnr 
away. It will be seen that tho orbits of Mercury, Mars, and Jupiter urn 
quite distinctly u out of oentre” with rospeot to ilio Him. This Is lnUuilimiftl 
and correct. The dotted half of each orbit is that which lien below, I*./?., 
south of, the plane of the eoliptio. Tho place of porlhollon of each planet's 
orbit is marked with a P. Tho orbits of five of tho asteroids, Includ¬ 
ing the nearest and tho most remote, as woll as tho most ocoontrlo, are ul ho 
gjyen. 

Periods.—The sidereal period of a planot is tho tlmo of Its involu¬ 
tion around the Bim from a Btar to tho same atar again, as soon from 
the sun. The synodic period is the time betwoon two hucochhIvo con¬ 
junctions of tho plnuet with the sun, as seen from the ;purlh. Tho 
sidereal and synodic periods arc connected by the samo relation fia 
the sidereal and synodto months (Art. 232) ] namely, — 

S^P E' 

in which J2, P, and S are respectively the periods of the oarth ami of 
the planet, and tho planet's synodic period, and tho numerical differ¬ 
ence between ~ and — is to be takon without regard to sign. Tlin 

two last columns of the table in Arfciolo 480 glvo tho approximate 
periods, both sidereal and synodic, for tho different planets. 

491, Apparent Motions. —As viewed from a distant point on Clio 
line drawn through the sun, perpendicular (o tho piano of‘ tho oollp- 
tio, the planets would be seen to travel in tlioir nearly circular orbits 
^vith a regular motion. As seen from tho earth tho apparent motion 
is much more complicated, being made up of tlioir real motion around 
the sun combined with an apparent motion duo to tho earth's own 

. movement. 

492. Law of Relative Motion.;—The motion of n body relative 
to the earth can be very simply stated. P is always the same as if 
the body kad y combined with its own motion , anothw motion , identical 
with that of the earth , but reversed . 



COMBINATION OF lOA.il'm’.S A Nil PLANEt’s MOTIONS. ‘29f 

Tl, ° pron£ ot this is simple. Let E, Fig. 1G0, be the earth, and P the 
planet, its diveelion and distance being given by tho line EP. Let E have 
a motion which will take it to E' in a unit of time, and P a motion which 
will lake it, to P> in tlio same time. Then at the end of a unit of time the 
distance and direction of P from E will lie given by tho line E’P’. Hut if 
we suppose E to remain at rest, and give to P a motion Pe equal to EE 1 hut 



opposite in direction, and combine this motion with PP* by drawing Hi- 
parallelogram of motions, wo shall get P" for the resulting place of P at 
1,1m and of tho unit of timoj arid because the line EP n is parallel and equal 
to E’P' (us follows from tlio construction), the point P n > as seen from E ; 
would occupy, in Urn celestial sphere, precisely the same position as P* seen 
from E f \ since all parallel Hues pierce the sphere at one and the same opti* 
cul point (Art. Y). 

If, therefore, tho earth moves in 
a tMu, every body really at rest 
will appear to move in a circle of 
tlio sumo pizo an tho earth's orbit, 
but keeping in such a part of its 
circle us always to have its motion 
precisely opposite to tho earth's 
own real motion at tho moment* 

Wu shall have occasion to use this 
principle very frequently* 

493. Effect of the Combination 
of the Earth’s Motion with that of 
tlio Planet.— As a consequence, 
tho apparontor "geocentric” motion 

of a planet must bo made up of two motions, — that of a body moving 
once iv year around the circumference of a circle equal to the earths 



Fig. 161. 

Geocentric Motion of Jupiter from 1703 to 
1720. (Cassini.) 
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orbit, while the centre of this circle itself gooa around tho nun upon 
the real orbit of the planet, and with a .periodic time equal to that of 
the planet. Jupiter, for instance, appears to move uh In Fig. 1(11, 
making eleven loops in each resolution, tho snmllor olrolo having n 
diameter of about one-fifth that of the larger one, upon which its 
centre moves, since the diameter of Jupiter’s orbit in about ilvo Union 
that of the earth’s. 


494. Direct and Retrograde Motions of the Planets and Stationary 
Points.—As a consequence of this looped motion we have the pecu¬ 
liar back-and-forth movement of tho planets among tho stars which 


Sujjer/or Conjunotlnn 



has bci-n described. Starting from tho time when the sun Ih between 
us and tho planet, — the time of superior conjunction, 1 as it Is culled, 
beoause the planet is then above the sun, t'.e., further from tlio earth, 


1 Wo give Fig. 162 to Illustrate the meaning of tlio different terms, Opponiliou, 
Quadrature, Iqfenor and Superior Conjunction, and Greatest Elonqnlm, 14 is the 
position of the earth, the inner circle being the orbit of an inferior ptnnot, while 
the outer ctrole is the orbit of a tnporior plauot. In gonornl, tlio angio PE !? (tho 
angle at the earth between lines drawn from tho earth to tho planot ami to tlio 
snn) is the planet’s elongation at the moment. For a superior planot it can have 
any value from zero to 180°; for an Inferior it has a maximum value that U.o 
planet cannot exceed, depending upon tho diameter of Ha orbit. 
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7 t,u ; l ,Uin, ’ k movo » »™«« a» stars for a certain time, 

timinlly mereming its longitude (and also its right ascension) until at 
last its apparent; motion slackens and it becomes stationary. The dis¬ 
tance of this stationary point from the sun depends upon the size of 
tho planet’s orbit compared with that of the earth. 

Then it reverse* its motion and moves westward, or »retrogrades ” 
lor u while, the middle of the arc of retrogression being passed at the 
time when the earth and planet are in line with the sun , and on the 
same side of ft. If tho planet , is one of the outer ones, it will then 
bo opposite to tho sun in the sk y like the full moon, and is said to be 
u l ' n (^position,” If the planet is one of the inferior planets (Venus 
or Mercury), it will then be in “ inferior conjunctionf as it is called, 
between the earth and sun. 

4 After the planet 1ms completed its arc of retrogression, it again 
becomes stationary, turns upon its course, and once more advances 
eastward among tho stars, until the synodic period is completed by 
its to- arrival at superior eon junction. 

both in the number of degrees passed over, and in the time spent 
in Hub motion, tho eastward or “direct” motion always exceeds the 
retrograde. In tho ease of the remoter planets the excess is small — 
from 11° to 10° ; in the case of the nearest ones, Mars and Venus, it 
\h from ifi° to 18°. 

As observed with a sidereal clock , all the planets come later to the 
meridian each night when moving direct , since their right ascension is 
then increasing; but vice versa , of course, when they are retrograding. 

406, Motion of the Planets with Respect to the Sun’s Place in the 
Sky. Change of Elongation. — The visibility of a planet depends 
mainly upon Us angular distance, or " elongation^ from the sun, be¬ 
cause when near the sun the planet will be above the horizon only by 
day, iirnl cannot usually be seen. As regards their motions, consid¬ 
ered from this point of view, there is a marked difference between 
the inferior planets and the superior. * 

49Q. Behavior of a Superior Planet. — The superior planets drop 
always steadily westward with respect to the sun s place in the heavens, 
continually increasing their western elongation, or decreasing tlieir 
eastern : they therefore invariably come earlier to the meridian every 
successive nighty as observed by a time-piece keeping solar time . 

Beginning at superior conjunction, the planet is then moving eastward 
among tho stars with its greatest speed; but even then its eastward motion 
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is not so great ns the sun's, and bo tho planob relatively falls westward. After 
a while it will have fallen behind by 00°, and will then bo in won tom quad¬ 
rature, and on the meridian at sunrise; at tho ond of half its synodic period 
it will 1 have lost 180°, and will be just opposite tho sun at sunset, being Limn 
at its least possible distance from the earth, and at its greatest brilliance. 
At this time tho difference hot ween tho llmos of its daily onlml nations Ih 
also the greatest possiblo, and may be as much (in tho onso of Mars) an six 
minntes, by which amount it arrivos at tho meridian oarlior (mob HucecHHivu 
night. After opposition the pianot Is higher in tho nicy each night at sunset 
until it reaoheg eastern quadrature, when it Is 00° east of tho Him, nnd 
therefore on the meridian at sunset, Tiionco it drops buck, falling moro 
and more slowly westwards towards tho sun, until the synodic period is 
completed by a new conjunction. 

497. Motion of an Inferior Planet. — Tho inTerlor* pianola appear, 
on the other hand, to vibrate across tho sun, moving out, equal dirt* 
tances on each sido of it, but making tho wontwuvd swing much 
quicker than the eastern. 

The reason of this difference obvious from Fig. 1(12. Mullein 
take place with respect to tho earth, sun, and planet as If tho mirth 
were at rest, and the planet revolving around tho sun onoti In a iw/n- 
odw (not sidereal) period. Now, since tho distance between the 
points of greatest elongation, V and T 7 ', is lops through inferior con¬ 
junction 7, tlmu from V* around to T 7 through (7, tho time ought to 
bo correspondingly shorter, as it is, 


At superior conjunction the planet is moving eastward faster than llin 
flun. Accordingly, it oreopa out to the onst from tho Aim's rays, becoming 
visible in the twilight as an evening star. As long as Its direct 'motion Ih 
greater than the sun's iti keeps receding from it until it roaches ils “ tjrmlvM 
eastern elongation" as it is oallod, which could in no oaso ho greater than |)() n , 
even if the planet's distance from the sun were almost equal to that of tlm 
earth, (In the case of Venus it is actually about 47°, while for Mercury it 
ranges from 18* to 28°.) Then os its eastern motion slackens tho mm begins 
to overtake it, and when the planet becomes really stationary an regard h ils 
motion among tho stars, it appears to bo slipping westward towards tho «n N 
at the rate of about a degree a day. At tho stationary point it logins rnnlly 
to letrograde, and adds its motion to tho sun's advance, ho that from that 
point it rushes swiftly towards the inferior conjunction, lb passes IIiIh , U hI 
nms out quickly on the western side, becoming a morning star, and mulli¬ 
ng its western ^ just the same number of dnys that it took L<> 

e . flSte 1 n n Q 011 , gatl r to 1nfGrlor °onjunoHon* Wlimr the elongation 
ha bGGn the P laneb turns to pursiio tho ami, gradually Vitim 

upon it, and a art overtakes it again at the next superior conjunctlonf uv 
ing oompleted its syuodto period. J 
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490. Motions in Latitude. —If the planets' orbits lay precisely in 
the same plane with each other and with the earth’s orbit, they would 
always keep in the ecliptic. But in fact, while they never go far 



*from that, circle, they do deviate north or south to the extent of 
5° or 0°, and Mercury sometimes as much as 8° ; their paths among 
the stars are consequently loops and kinks like those of Fig. 163, 
which represent forms actually observed. 


600. The Ptolemaic System, —The ancient astronomers, for the 
most part, never doubted the llxity of the earth, and its position in 
the centre of the celestial universe, though there arc some reasons to 
think that Pythagoras may have done so. Assuming this and the 
actual diurnal revolution of the heavens, Ptolemy, who flourished at 
Alexandria about HO a.il, worked out the system which boars his 
name. Ilis MeydXrj Swru&s (or Almagest in Arabic) was for fourteen 
centuries the authoritative “ Scripture of Astronomy.” Ho showed 
that all the apparent motions of the planets could be accounted for By 
supposing oach planet to move around the circumference of a circle 
called the “epicycle” while the centre of this circle, sometimes 
called tiie “ fictitious planet” itself moved on the circumference of 
another and larger circle called the u deferent” It was as if the 
real planet was carried on the end of a crank-arm which turned 
around tho fictitious planet as a centre, in such a way as to point 
towards or from tho earth at times when tho planet is in line with the 
sun. 


In tho caso of tho superior planets tiio revolution in tho opicyolo was 
made onco a year, so that tho “ crank-arm ” was always parallel to tho lino 
joining earth and sun, while the motion around tho deferent occupied what 
we now call tho planet's period. Fig. 104 represents the Ptolemaic System, 
oxcopt that no attention is paid to dimensions, tho “deferents "being spaced 
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at equal distances. It will be noticed that’'the aployolo-mdil which carry at 
their extremities the planets Hare, Jupiter, and Saturn two all always parallel 
to the lino that joins the earth and sun. In the case of Venus and Mercury 
this was not so. Ptoleiny supposed that the deferent oirolos for those planota 
lay between the earth and the sun, and that the «• fictitious planet ” in both 



cases revolved in the deferent once a year, always kooping exactly Imbwoon 
the earth and the sun; the motion in the epicycle ill this oaso wns completed 
in the lime oC the planet's period, ns wo now know it. Ho ought to hnvu 
seen that, for these two planets, the deferent was really the orbit of tli« 
^n itself, as the aucient Egyptians are said to have understood. 

501. To account for some of the irregularities of the planets’ motions 
it was necessary to supposo that both the defovont and epicyolo, though 
circular, are eccentric , the earth not boing exactly in fclio contro of tho 
deferent, nor the “fictitious planet” in the exact contro of tho opicyolo. 
In after times, when the knowledge of the planetary motions had bcoomo 
inon3 accurate, the Arabian astronomers added opioyolo upon epioyolo until 
the system became very complicated. King Alphonno of Spain is anid tu 
have remarked to the astronomovs who presented to him tho Alplioiinliui 
tables of the planetary motions, whioli had hoon computed under hia orders, 
that “if he had been present at the creation ho would have given »omo good 
advice." 

600. Some of the anoienb astronomers attempted to account for tho plan¬ 
etary and stellar motions in a mechanical way by moans of what were oallwi 
the “crystalline spheres”. The planet Jiipitor, for instance, wag supposed to 
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bo sot like d jewel on the siufaco of a snnill globe ol something like glass, and 
tins itself was set m «i liollow made to hi it m the thick shell of a still laigoi 
spheie which sunounded the oaith Thus the planets weio suppoiled and 
Ociuied by the motions of these invisible ciystallmo sphoics, but this idea, 
though pievalont, was by no moans uuiveisally accepted 

503 Oopermoan System, — Copernicus (1473-1543) asseited the 
duunal lolntion ot the eaitli oil its axis, and showed that it would 
full) account foi the appaicut dnmuil i evolution of the stm&, He 
also showed that nearly all the known motions of the planets could 
be accounted foi by supposing them to ievolve aiound the sun, with 
the eaitli as one of them, m mbits euculai, but slightly out of centie 
IIis system, as he left it, was neaily that which is accepted to-day, 
and Fig 150 nifty be taken as representing it lie was, howevei, 
obliged to lotain a few small epicycles to account foi certain of tho 
liieguhutUes, 

So fai, no one daied to doubt the exact ciuuihuity of celestial 
oilnts Tt was metaphysically impioper that heavenly bodies should 
move in any but porfeU cui yds, and the enole was legaulcd as the 
only peifoot one It was left foi Kcplei, some Bixty-hvo voais later 
than Copernicus, to show that tho planotaiy oibils aic elliptical^ and to 
bung tho Bystem substantially into the foim m winch we know it now 

504 Tyohonio System* — Tycho Ihalio, m ho oanio between Copoi nious 
and Kcplm, Eouiul himself unable to accept the Copminenn syslom foi two 
icasoiis One leason was that it was unfavouibly logaided by the cleigy, 
,nid lie was a good cluuolmmu Tho ulhci was the scientific objection that 
if the cmtli moved aiound tho sun, the jiml Mis all oufjht to ttpjMu lo mote 
in a (oncHpantlintf tntinne) (Ait, 102), each stai descnbing annually an oval 
m tho heavens of the same appai out dimensions as the cai ill's mbit itself, 
seen fiom the stai Technically speaking, they ought to have an tl annual 
pat alia c ” His insli unionts woie by iai tho most accuiftto that had so fai 
boon made, and lie could detect no sudi paiallax, honcc ho concluded, not 
lliogicftlly, but lncoiicctly, that the eaitli must bo at ml lie injected the 
Copoi mean system, placed tho eaitli at the coiitie of the univexso, accoidnig 
to tho then lecoivcd into) pi elation of Scnptme, mado the sun iovoIvo aiound 
the eaith once a yoiu, and thou (tins was the pcouliauty of Ins system) mado 
all tho planets except the eaitli iovoIvo aiound the sun 

This thooiy just as Cully accounts for all the motions of tho plauots as 
tho Coponucan, Imt hi oaks down absolutely when it oncoimlcis tho alien a 
lion of light, and tho annual paiallax oE the sluis, which wo can now detect 
with our modem instiu mouls, although Tjclio could not with Ins The 
Tychomc system novel was goneially accepted, tho (Jopcuucan was voiy 
soon fmuly established by Keplei anil Newton 
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606, Elements of a Planet’s Orbit. — TIigbo demon I s fl.ru l.lm 
numerical quantities which must bo givon in order to tloHOrllx) Uui 
orbit with precision, mid to furnish the means of finding tlio plmmt’n 
place In the orbit at any given time, whether past or future. Tlmv 
are seven In number, as follows : — 

1, The semi-major axis, a. 

2. The eccentricity, c. 

8. The 1 noli nation to the ecliptic, i, 

4. The longitude of the ascending node, SJ. * 

6. The longitude of perihelion, ?r. 

6. The epoch, E. 

7. The period P, or dally motion /x, 

606. Of these, the first ftvo pertain to the orbit itself, regarded nu 
an ellipse lying in space with ono focus at the sun, while two uiv 
necessary to determine the planet’s place in the orbit. 

Tlie semi-major axis, a (CA in Fig. 1Gfi), define h the Sizn of I ha 


n 



orbit, and may be expressed either la “ nstronomlnnl unite" ((lie 

earth's mean distance from the sun is'the astronomical unit) or In 
miles. 

The Eccentricity defines the orbit’s Form. It is a mere miinortaiil 
quantity, being the fraction t (usually expressed decimally), obtained 

by dividing the distance between the sun and tlio centra of fclm «rJ,|t 
by the semi-major axis. In some computations It is convoniont to 
use, instead of the decimal fraction Itself, the angle 4 which low « for 
its sine ; i,e ,, sin^e, 
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Tho. third element, t, is the Inclination between the plnnc of the 
planet's orbit mid that of the earth. In the figure it is the angle 
KNO, the plane of the ecliptic being lettered T SK LM. 

I lie fourth clement, Q, (the Longitude of the ascending node), 
doll net* wlmt has boon called the “ aspect ” of the orbit-plane; tYe., 
llm direction in which it faces. The line of nodes is the line NH' in 
tlm figure, tho intersection of tho two planes of the orbit and ecliptic; 
and the angle tA'jV is the longitude of the ascending node, the 
lino iS’V being tho line drawn from the sun to the first of Aries. The 
(linnet., moving around its orbit in the plane ORBT , and in the direc¬ 
tion of tho arrow, passes from tho lower or southern side of the plane 
of tho ecliptic to tho northern at.the point n, which, as seen from S, 
is in tho same direction as JV. 

Tho fifth, and last, of the elements which belong strictly to the 
orbit itself is w, the so-called Longitude of the perihelion , which de¬ 
fines the direction in which the major axis of the ellipse (the line PA) 
lies on the plane ORBT. It is not strictly a longitude , but equals 
till) sum of the two angles & and <d; i.c., TSN (in the plane of the 
ecliptic) T JSftiP (in the plane of tho orbit). It is quite sufficient 
to give cd alone, and in the case of cometary orbits this is usually 
done. 


607. If wo rogard the orbit as an oval wire hoop suspended in 
spaco, those llvo elements completely define its position, form, and 
size. Tho plane of the orbit is fixed by the elements numbered three 
and four, tho position of the orbit in this plane by number five, the 
form of It by number two, and finally its magnitude by number one. 

Tho student will recollect that the general equation of curves 
of tlm second degree (tho conics) in analytical geometry contains five 
constants, and therefore that number of data is enough to define such 
a curve completely. 


608, To dotermino where the planet will be at any subsequent date 
wo imed two more elements. 

.Sixth. The Periodic Time , — we must have the sidereal period, Jr, 
or oiso the mean daily motion, /*, which is simply 360° divided by 

tho number of days in P. ...... . » 

Seventh. And finally ; we must have a starting-point, the Epoch, 
so-called i i.c., tho longitude of the planet as seen from the sun, at 
some ghmn date, usually Jan, 1st, I860 or 1900, or else some prec.se 
ctnto at which the planet passed the perihelion or node. 
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509. If it were not for perturbations earned by tl.o nmUml i.iLiraottou 
between the planets, those elements would nevor oliango, and could bo used 
directly for computing- the planet’s place at any dato in the past or in 10 
future; but, excepting a and P, they do change on account of such interne- 
lion, and accordingly it is usual to add in tables of tho planetary .demon K 
columns headed Aft, Aw, A«, and A*, giving tho amount by which th.» 
quantities ft, w, i, and e respectively change in a ooutuvy. 

610. If Kepler’s harmonic law wero strictly true, wo should not now I 
both a and P, because wo should have 

(Earth’s Period) 2 : i ,a :: l 8 : or P = «*, 

P being expressed In yeai-s and a in nstronoinioal units. Hut sluco the nxiuil 
l'oi m of the equation is 

(1 + wq) : Pi 2 (1 + *«0 :: V: (A'rfc, 417), 

it is necessary, in cases whevo tho highest attainable uoournoy is required, to 
regard P and a os independent, and givo them both in tho tables. 

511. Geooentrio Place. — Onr ohmrvalion» of n planet's plneo uro 
necessarily "geocentric” or oarth-centrod; fclioy givo us, when prop¬ 
erly corrected for refraction and parallax, tho planet's right amnston 
and declination as seen from the centre of tho ourfcli, and from thorn, 
if desired, the corresponding geooentrio longitude' and latitude nru 
easily obtained by tho method explained in Article 180. 

It often happens that we want tho plaoo at BQirifi moment of time when the 
planet could not l>e direobly observed, as, for instance, in tho day time. Tf wo 
have a aeries of observations of the planet mndo about that Llmo, the plaoo for 
the exact moment is readily deduced by a process of inlQrpolalum> and with 
an accuracy actually exceeding that of any singlo observation oC tho sorlcs. 

Graphically it is done by simply plotting tho observations aoLitally Hindu. 
Suppose, for instance, we want the right osoension of Mars for H a.m. on 
June 8, and have meridian-circle observations mndo at 10 o'clock l\m. on 
June 1, at 0 h 55 m on June 2, at 60 m on Juno 8, and so on. Wo first lay off 
the times of observation as nbsoissas along a horizontal lino taken as tlm 
time-scale, and then lay off the observed right ascensions as ordinates lit 
points corresponding to the times. Then wo draw a Binoofch curvo through 
the points so determined, and from this curve wo can road off directly, tho 
right ascension corresponding to any desired momontr similarly for tho 
declination. Of course, what can be done graphically can bo dono still 
more accurately by computation. 

512. Heliocentric Place. — The heliocentric place of a plnnot 1 b fcliu 
place as seen from the sun ; nud when we know tho longitude of the 
node of n planet's orbit and its inclination, ns well as the planet's (.Ub- 
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twice from the sun, this heliocentric place oau at once bo deduced 
from Lho geocentric by a trigonometrical calculation. The process is 
ruthor tedious, however, ancl its discussion lies outside the scope of 
this work. 


(The render is referred to Watson’s “ Theoretical Astronomy,” p. SO, An 
elementary geometrical treatment q£ the reduction is also given in Loomis’s 
"Troatiao on Astronomy,” p, 211.) 


513. Determination of the Period of a Planet. — Tills can be done 
in two wavs: 

First. By observation of Us nodc-jmssagc. When the planet is 
passing its node, it is in the plane of tho ecliptic, aud the earth being 
also always in that plane, tho planet’s latitude, both geocentric and 
heliocentric, will bo zero, no matter what may be the place of the earth 
in its orbit. (At any other point of the planet’s orbit except the node 
its apparent latitude would not be thus independent of the earth’s 
place, but would vary according to its distance from the earth.) If, 
then, we observe tho planet at two successive passages of the same 
node, the interval between tlio moments when the latitude becomes 
«cco will be the planet’s period, — exactly, if tlie node is stationary; 
very approximately, even if tlio node is not absolutely stationary, as 
none of the nodes actually are. 


Thom are two dllllonUios with this method. , 

(«) Til the ease of Uranus the period is eighty-four years, and m that ol 

Neptune 104 years—too long to wait. 

a\ Since tlio orbits all cross the eoliptio at a very small angle, so thatth 
latitude remains near zero for a number of days, it is extremely dilhcdUo 
determine the precise minute and second when it is exactly /eio, S’ 

errors in the declinations observed will produce great errors m the result. 


614 Second. By the mean synodic period of the planet. The 
synodic period is Urn interval between two successive oppos.tions or 
conjunctions of the planet, the opposition being the moment 
tho planet’s longitudo differs from that of the sun by ■ 

™» - B i. w»r; “r oi 

lint wo ean mnko with the meridian , . ra i days be f ore and after 

the planet’s right ascension am c’^‘‘^suwations to latitude and longitude, 
tlio dido of opposition, and xa&a planet near midnight ; 

The mm will he observed, of course, at noon, and dm planet^ ^ ^ 

but from the solar observations wo can ^ „£ observed. From 

enrroHj* nullug to the_ exact whentt^ B(|d tho sim 8 t 

those wo find the dldormice of ougi 11 finally from these differences 

lhl! ihiiu of each planetary observation i nml finally 
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of longitude, we And the prcoiao moment when that dUToronco was exactly 
180°, or the moment of opposition. This can bo ascertained with In a very 
few seconds of time if the observations are good. 

Since the orbits arc not strictly circular, the interval botween Iwo 
successive observations will not be tho mean synodic period, but only 
an approximation to it; but when wo know it nearly^ wo can compare 
oppositions many years apart, and by dividing the Interval by tho 
known number of entire synodic periods (which is onsily determined 
when wo kuow the approximate length of a singlo period) we get tho 
mean synodic period very closely, — especially if the two opposition** 
occur at about tho snme tlmo of tho year. Having the synod in 
period, the true sidereal period at onoo follows from tho equation 

1 = 1-1 
P E S 

515. To find the Distance of a Planet in Terms of the Earth’s 
Distance. — When we know the planet’s sidereal period, this is easily 
done by means of two observations of tho planet’s “ elongation u 



Fio. IM.-DetcrmlniUon of the Distance of a Planet from tho Sun. 


tftken at an interval equal to its periodic time. Tho “ olongation " 
of a planet is the difference between its lougitudo and that of tho 
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sun, and a senes of mcndmn-cucle observations of sun and planet 
will finmsh these ddleienees of longitude for any selected moment 
included within the teim ot observation 

To find the distance of the planet Mtus, foi instance) we must 
theiofoio tao two observations sepmated by an mfceival of 087 days. 
Suppose the pflith to have been at A (Fig 100) at the moment ot the 
(list observation, Then at the time of the second obseivation she 
will lie at the point <7, the angle ASC being that which the eaith 
will dcsenbe in the next <111J days, winch is the chirm once between 
two complete yeais (oi 730\ days) and the 087-day interval between 
the two obsenaliens 

The angles SCM and aie the 44 elongations ” of the planet 

fiom the sun, and aie given ducctly by the obsoivations. The two 
sides SA and SC aro also given, boing the caith’s distance fiom 
the sun at the dates of observation lienee wo can easily solve 
the quadulatcial, and find the length of SM } as well as the angle 

Aiar 


Tim angle detenmnos the planet’s hehotcnlnc longitude at M, amco 
we know the (Inaction of SA, the longitude of the oiutli at the time of 
obsGivalion 

The student can follow out foi himself tho pi occas by which, fiom two 
"longatious ot Venus, M7 and SJiV, ohsoived at an mtoival of £25 days, 
tho distance ot Venus limn tho sun (oi jS V) < an be obtained 


616 In oi dei that this method may apply with stiiet aeeuiacy it is 
nceossaiy that at tho momont of ohsoivation M should ho hi the same 
piano as A , S, and U , that is, at the node If it is not so, tho piocoss will 
give us, not tho Into distance of the planet 
itsolf fiom tho sun, but ihat of tho" pi o 
jection” of Hus distance on the plane ot 
ihe cohptu , ic, tho distance bom the sun 
to tho point vi (Fig 107), wheio the pel 
peudicular horn the planet would sluko , 

l hat piano Tbit when we have dotoi mined Fro 107 

im and tho angle in AM, tho planet's geo* 

centnr latitude, wo easily compute Mm, and fiom Sm and Mm we get the 
tuns distance SM and the hohocontuf latitude of tho planet MSm 



617. From a soiies of pairs of observations distributed around 
the planet’s orbit it would evidently bo possible to walk out the 
oibit completely. *It was In this way that Kepler showed that the 
oi bits of the planets are ellipses, and deduced their distances from 
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tbe suu ; and his third, or harmonic law, w^b llion discovered simply 
by making ft comparison between the distances thus found iiml llm 
corresponding periods. 

518. Mean Distance of an Inferior Planet by Moans of Observa¬ 
tions of its Greatest Elongation. — Hy observing from lliu onrtii tlio 

greatest elongation tfJtiV (Klg- 
108) of one of Lhe inferior planWH, 
its distance from tbe huh 1*1111 very 
finally bo deduced If wo regard Hie 
orbit ns a circle ; for tlio triangle 
SVJ'J will lie rlghbmiglnd nt V } nml 
S7S X sin 8XV, 

In tlm onsn of Venus Llm orbit Jh 
ko nearly einmlar Unit tlio iiioHiimI 
answers very well, Hie grimiest design- 
Lion never dilTering imidi from -iV‘\ 
Movmiry’s orbit is so ceeenl-rle Ihulllm 
disLunee Hum obtained from n singli- 
elongation might bo vory wido of Hie Iruo mean distance. Siimo the grmil- 
est elongation, SEM t varioH all the way from 18° to L } 8° it would he nci-en- 
flftry to observe a great many elongations, ami take Mm average result. 

510. Deduction of the Orbit of a Planet from Throe Observation*. 
— When one has command of a great number of nhsumifiniiH of w 
planet running back ninny years, and can select such as urn conven¬ 
ient for his purpose, as Kepler could from Tycho’s moonls, it In 
comparatively easy to find tlio dements of a planet’s orbit; but wln-n 
a now planet Is discovered, the oaso is different. The problem llrnl 
arose practically in 1801, when Ceres, the first of the lusloioldn, who 

discovered by Plaxri in .Sicily, observed for n few week* .I then 

lost in the sun’s rays at conjunction, before other astronomers eouhl 
be notified of the discovery, in those days of slow connii 11 iilcnllnn, 
made slower and moro uncertain by war. 

Gauss, then a young man at Gdttlngcn, attacked the problem, mid 
invented the method which, with slight modifications, Is now univm- 
sally used in such casoB. 

We do uot propose to on tor Into details, but simply say lliul 
three absolutely accurate obsewcUions of a planet'* right anamnUm uwJ 
declination are sufficient to detemlne its orbit. Three observations, 
made only as accurately rb is now possible, with’intervals of two or 



OlilRDco of an Inferior Plnnel iMcrmlneil liy 
ObiervaMoiu of Mb Gronloal l^lon^nllon. 
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three weeks between them, will give a very good approximation io 
the orbit; and it can then bo corrected by further observations. 


620. 11 Since there aro five independent variables in the general equation 

(in space) of a conic having a given focus — the sun — it is necessary to 
have five conditions in order to determine them. Three are given by the 
observations themselves; viz., the directions of the body as seen from the 
imrtli at tliroo given instants; a fourth is supplied liy the ‘law of equal 
[(roils,' since the sectors included between the three radii vectores must lie 
proportional to the elapsed times; finally, the fifth is imposed by the require¬ 
ment that Iho changes in the speed of the body must correspond to the vari¬ 
ations in the length of the radius vector) in accordance with the known 
intensity of tho sun’s attraction.” 

(Tlin student is referred to Gauss's " Theorift Motus,” or to Watson’s 
Theoretical Astronomy,” or to Oppol'/.er’s great work on “The Determina¬ 
tion of Orbits," for the full development of the subject.) 


621. Planetary Perturbations. —The attraction of the planets for 
each other disturbs their otherwise elliptical motion around the sun. 
Ah iu the case of the lunar theory the disturbing forees are, however, 
always relatively small, but not for the same reason. The sun’s 
disturbing force'is small because its distance from the moon is nearly 
four hundred limes that of the earth. In the planetary theory the 
disturbing bodies are often nearer to the disturbed tlmn is the sun 
itself, am for instance, in the disturbance of Saturn by Jupiter at 
eevtiuu points of Choir orbits; but the mass of the disturbing body in 
no case is as great as ^ part of the sun’s mass, and for tins reason 
tlm disturbing force arising from planetary attraction is never more 
than a small fraction of tho aim’s attraction. 

Tim area test disturbing force which occurs in the planetary system 

•A «■ 

, w 'si “r™ 

, amount* to Huuo wnoouwn, .. H as fcemidsdisturbed 

much «s of Uta aunts attraction (again excepting the astern,as 

by Jnpilor)* 

m m.y ,,.«!«>«“•« t 

«» l>nnM.« U»- „ l)on Ills moon 

illiiBrnm by »'«, U,« -»»» «■£> - ^ look 

19 re “'' e ’ y ' 

tin* iliBturiioil orbit. 
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The* plfinotnry perturbations which result from tho “ integral lull ** 
of effects of the disturbing forces, i.e. } from their continual tuition 
through long intervals of time, divide thomsclves lijto two ^rual 
classes,— the Periodic and the Secular, 

523. Periodic Perturbations, —- These iug such ns depend on tho 
positions of the planets in their orbits, and usually run through their 
course in a few revolutions of tho planets concornod. For tho most 
part they ore very small. Those of Mercury never amount to morn 
thnn 15”, as seen from tho sun. Thoso of Vonua may roach uImjiiI 
30”, those of the earth about 1', and thoso of Mars about 2'. Tho 
mutual disturbances between Jupiter and Saturn are much lurtfci\ 
amounting respectively to 28' and 48'; whllfi those of IJnmiiH mo 
again small, never exceeding 3', and tlioao of Noptuna arc not nn*ro 
than half ns groat as that. In the cane of tho astomEdn, wlikdi urn 
powerfully disturbed by Jupiter, tho periodical porUirbutlotiH urn 
enormous, sometimes as much ae 5° or G°. 

624. Long Inequalities, — TIig periodic inequalities of tlm piano L-h uvo 
so small, because, ns a rule, there is a nearly complain aompmiwitinn nfFiiolt^d 
at every few revolutions, so that tlio accelerations l)alanco Um rutanlul Iijiih. 
The lino of conjunction falls at random in different parts oT tho orhilw, mnl 
when this is the case, no consi<lorfthlo displacement of either plannl min 
take place. But when tho periodic times of two planets am tiaarlt/ c*n>t* 
fnensurable t their line of conjunction will fall vory near tho sumo plum* in 
the two orbits for a oonsiderublG number of years, and the small tiuhiiliiiiw'cl 
disturbance left over at each conjunction will thou accumulate in Hitt huhui 
direction for a long time. Thus, five revolutions of Jupiter roughly «*i|uul 
two of Saturn; and still inoro nearly, sevonty-sovon of Jupiter otpml tlilHy- 
one of Saturn, in a period of 013 years. From this com oh tho Ho-nutlfd 
” long inequality " of Jupiter and Saturn, amounting to 28' in the phum of 
Jupiter and 48' in that of Saturn, and roquiriug moro than 000 yearn lo 
complete its cycle. 

Tn the oaso of the earth and Venus them is a similar “long hmcpiality " 
with ft period of 235 yoars, amounting, however, to less than 3” in tho ]>n>d- 
tions of eithoi of tho planets; between Uranus and Neptune thoro is a h \mlljir 
inequality with a period of over 4000 years, hut this also Is very small. 

626. Secular Inequalities.—Tlieso aro inequalities which 

not on the position of the planets in tholr orbits, but on the relattn' 
position of the orbits themselves, with rofcronco to ouoli oilier, —tlm 
way, for Instance, in which the lines of nodes and apsides of l\vu 
neighboring orbits Ho with rofcronco. to oaoh other. Slnoo tho plum- 
tary oibits change their positions very slowly, these porltirimtloim, 
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although ill the strict sense of the -word periodic also, are very slow 
mul majestic in tlicir march, and the periods involved are such as 
slugger the imagination. They are reckoned in myriads and hun¬ 
dreds of thifiwauds of years. From year to year they are insignifi¬ 
cant, hut with the lapse of time become important. 


626. Secular Constancy of the Periods and Mean Distances,— 
It is a remarkable fact, demonstrated by Lagrange and La Place 
about 100 years ngo, that the mean distances and periods are en- 
tirely free from all suck secular disturbance , They are subject to 
slight periodi'e incqmilltios having periods of a few years, or even 
a few hundred years: but in the long run the two elements never 
change. They bu(T or } ho perturbations which depend on the position 
of tiie orbits themselves, but only such as depend on the positions 
nf the planets in their orbits. 


627. Revolution of the Nodes and Apsides. — The nodes and peri- 
hdhiy on the other hand, move on continuously. The lines of apsides 
of nil tlm planets (Venus alone excepted) advance* and tiie nodes of 
till without exception (except possibly some of the asteroids), regress 
on the ecliptic. 


Tim imiekortt moving lino of apsides — that of Saturn’s orbit — completes 
ilH revolution in (17,000 years, while that of Neptune requires 540,000. The 
„wiftoi4 Him <>f noci™ ta that of Uranus, which completes its c.rcmtmless 
limn :i7,()tm yours, while tho slowest —that of Mercury - requires 180,000 


yours. 

528. Tho Inclinations of the Orbits. - These are all slowly elmug- 
hv—«nn« inoKiiwitift mul others decreasing; hut ns La I lace and 
have shown, all the changes are confined withm narrow 
!mS ft.r all the larger planets« they oscillate,but the osedlahous me 

never extensive. ' 

* f Axcented: tiie eccentricities of their mints 
Tim ns to voids uro again to be exc y * 

may change considerably. 
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530. Stability of the'planetary System, — About tho end of tln> 
eighteenth century La Place and Lngnwgo succeeded In pvoving VU.it 
(tie mutud attraction of the planets could never destroy tho ayutain, 
nor even change the elements of tho orbit of any u»o«of the larger 
planets to nil extent which would greatly alter Its physical condition. 

Tho nodes and apsides rovolvo continuously, it Is true, but tlml 
el.ange is of no. importance. The distances from tho sun and the 
periods do not change at nil in tho long run; while tho InoHnalUnin 
aud eccentricities, as 1ms just boon said, coniine their variation* 
within narrow limits. 

531. The “Invariable Plane" of the Solar System. —■ Tlmro \% 
no reason, except fclio fact that we live on tho oartlfT for taking Uio plimo of 
the earth's orbit (the piano of the oolipfcio) as tho fundamental piano ot tho 

f solar system. There is, however, in tho system an "iminrirtWe plane," tho 
position of which remains forever unchanged by any mutual notion among 
the planets, as was discovered by La Place in 1784. This piano in clollnml 
by the following conditions,-— that if from all (he planets perpendicular# bn 
drawn to it (he., to speak technically, if tho planets bo “ projected " upon H), 
and then if we multiply each planet’s mass by the area which llic pUinvfe pva- 
j jected radius vector describes upon this plane in a unit of time , the sum of these 
products wilt he a maximum, Tho ecliptic is inclined about 1J° to this 
invariable plane, and has its ascending node nearly in longitude 280°. 

632. La Place’s Equations for the Inclinations and Eooontrioi- 
tie*. — La Place demonstrated tho two following equations, via.: 

(1) 5 (m Vff X e 2 ) - C. (2) 3 (mVa X tail 2 i) C, 

Equation (1) may be thus translated : Multiply the mass of each planet by Me 
square root of the semi-major axis of its orbit, and by (he square of its cccctt- 
tricity ; add these products for all the planets, and the. sum will .bo a comtfuut 
quantity C x which is very small. It follows that no eccentricity can bOuonm 
very large, since e 2 m the equation is essentially positive} thoro can thm'ofnrn 
be no counterbalancing of positive and negative eccentricities; and if tho 
eccentricity of one planet increases, that of aomo othor platiot or planedH 
must correspondingly decrease. 

The second equation is the same, merely substituting tan fl f for e\ i lining 
the inclination of the planet's orbit to (he invariable plane. 

The ooustaut in this case also is small, though of course not tho stunn 
, 03 in the preceding equation. These two equations, taken in commotion 
with the Invariability of the periods and the major tvjcoa of the plmiolnry 
orbits, have been called the “Magna Charta" of tho stability of tho solur 
| system. 
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633. It does not follow that because the mutual attraction# of the 
plantots cannot seriously derange the system it is, therefore, of ne¬ 
cessity securely stable. There are many other conceivable actions 
which might 0, end in its ultimate destruction; such, for instance, us 
that of a resisting medium, or the entrance into the system of bodies 
comiug from without. 
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CHAPTER XIV. 

THE PLANETS: METHODS OF PENDING THE Hi DTAMTCTEHS, MA981CB, 

ETC. —• THE 44 TERRESTRIAL PLANETS n AND ASTEHOIPH.— 

INTRA-MERCURIAL PLANETS AND THE ZODIACAL LIGHT. 

In discussing tho individual peculiarities of the pinnate, wo have 
to consider ft multitude of different data ; for Instanco, thoir diameter* } 
their mism, and densities, their axial rotation , thoir anrfaoo-mar]ci7i(^ 
their reflecting power or 14 albedo” aud fclioir satellite systems. 

634. Diameter. — The apparent diameter of n planot is ascertained 
by measurement with some kind of micromotor (Art, 78). For tills 
purpose the 44 double-image ” micrometer has an advantage ovor tlio 
wire micromotor because of the effect of irradiation. 

Wien we bring two wires to touch the two limits of tho pjanofc in fclm 
held of view of the telescope, Fig. 1G0, a , the bright imago of tho planet in 
always measured too large, because evory bright object appears to extend 

itself somewhat into tho dark mir* 
rounding apace, by its physiologi¬ 
cal notion upon tho retina of tho 
eye. This is known as hradiaiwn 
— well exemplified at tho thno of 
new moon, when tho bright ores- 

MlcromolerMeasure* of n PLsnot’i JMnrootor. cent appoai'B to bo miioh larger 

than the u old moon fp faintly vJhI- 
ble > earth-shine, With small instruments this error is often ooiiHidorn- 
ble, varying with the personal equation of the observer, but it may bo 
redneed to soma extent by using as bright an illumination of tho field of 
view as the object will bear. 

With the double-image micrometer, the observer in monsurliig has to 
bring iu contact two disos of equal brightness, ns in Pig. 100, b ; and in tills 
case the irradiation almost vanishes at the point of oontaofc. 

The diameter thus measured is, of aourae, only tbo apparent clintn- 
eter, to be expressed in seconds of arc, and varies with overy change 
o istanoe, To get tho real diameter In linear units, we have 

Real diameter = ~ — £LL 
206266 ’ 
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in which A is the distance of the planet from the earth, and JJ ,f the 
diameter in seconds of arc. If A is given only in astronomical units, 
the diameter comes out, of course, in terms of that unit* To get 
tiic diameter in miles, wo must know the value of this unit in tnilos ; 
that isj the sun’s distance from the earth* 


535, Extent of Surface and Volume, — Having the diameter, the 
surface^ of course, is proportional to its square^ and is equal to the 

earth’s surface multiplied by in which s is the semi-diameter of 
the planet and p that of the earth, 

The volume equals ^ in terms of the earth’s volume. (The stu¬ 
dent must be on his guard against confounding the volume or bulk of 


a planet with its mass,) 

The' nearer tho planet, other things being equal, the more accurately 
the above data can be determined. Tho error of O'M in measuring 
the apparent diameter of Venus, when nearest, counts for less than 
thirteen miles in the real diameter of the planet; while in Neptune’s 
case it would correspond to more than 1300 miles. The student 
must not be surprised, therefore, at finding considerable discrepan¬ 
cies in the data given for the remoter planets by different authorities. 


ih 


536, Mass of a Planet which has a Satellite. — In this case its 
mass is easily and accurately found by observing tho period and 
distanco of tho satellite. We have tho fundamental equation 

in which M is the mass of tho planet, m that of its satellite, r the 
radius of the orbit of the satellite, and t its period. 


Tho formula is derived as follows: From the law of gravitation tho accel¬ 
erating force which acts on tho satellite is given by tho equation 

*_ M + ?H 
J r* 

(Art. 417), in which M is tho mass of tho planet and m that of the satellite, 
From the law of circular motion (Art, 411, liq. b) we have 


?■ 
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whenco (equating the two values of /) wo have 

and finally 

This demonstration 1 b strictly good only for circular orbito; but tho equation 
Is equally true, and can he proved for elliptical orbits, if for r wo put «, Urn 
seini-inajor axis of the satellite's orbit, 

V 

For many purposes a proportion is more convonlontthan this equa¬ 
tion, since the equation requires that 3f, ?»., r, and t bo oxprowbotl hi 
properly chosen units in order that tfc may bo numerically true. Con¬ 
verting the equation into a proportion, we have 

(M -f* m) : + ?/i t ) ^ s ^ ; 

or, in words, the united mass of a body and its satellite is to the united 
'mass of a second body and its satellite as the oube of the distance of 
the first satellite divided by the square of its period is to the oube of the 
distance of the second satellite divided by the square of its period* TIiIh 
enables hb at once to compare the masses of any two bodies which 
have attendants revolving around them. 

The mass of the moon is so considerable as compared with tlmt 
of the earth (about tlmt it will not do to noglcct it; but til nil 
other enses the satellite is less than of tho mass of tta primary, 
and need not be taken into account. 

637. Examples. (1) Required the mass of tho aim compared with 
that of the earth. The proportion ia 


(S + earth) ; (E + moon) = (MOOQOOO)" , 

(305}) a ’ (a"7.4)» ' 

Tba quantities In the Inst terra of the proportion are of couvso the rlifitnnoo 
and period of tht moon; and it Is to be remembered that for the period ol! 

le moon we must use, not the actual sidereal period, but tho period <ts it 
would be \f the moon’s motion inert undisturbed, — n poriod about an hour 


(2) Compare the mass of the earth with that of Jupiter, whoso remotest 
satellite has a period of 10} days, and a distance of 1,100,000 miles.. We have 


(E + moon) i {/ + satellitey = (230000)* . (HOODOO) 8 

(27.4) a 1 (10})a » 
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wliioh givers thn maws ol Jupitor about 310 times as great as that of the earth 
and moon logo the i\ 


638. It is oimtomnry to express the .mass of a planet as \\ certain 
fraction of Uio sun’s muss, and the proportion is simply 


7? a a*5 

Sun: Planet = — : 


wIhiiiuq 


VlanoVa mass = Sun’s mass x 


©Mf! 


where T and It aro the planet's period and distance from the sun. Since 
Ji and >' can both be determined in astronomical units without any 
ueeOHHiLy for knowing the length of that unit in miles, the masses of 
tha planets in terms of the sun’s mass are independent of any knowl¬ 
edge of the Hohir parallax. Rut to compare them with the earth, we 
must know this parallax, since the moon’s distance from the earth, 
which enters into the equations, is found by observation In miles or 
in radii of the earth, and not in astronomical units. 

in order to make use of the satellites for this purpose we must 
determine ’by micrometrical observations their distances from the 
planetn and their periods. 

639. Mass of a Planet which has no Satellite. — When a planet 
lias not a satellite, the determination of its mass is a very difficult and 
troublesome, problem, and can bo solved only by finding some pertur¬ 
bation produced by tho planet, and then ascertaining, by a soit o 
u ui ,vl led error " method, the mass which would produce that pertni- 
button Venus disturbs tho earth and Mercury, and from these pci- 
In, ,»«» » —• 

also one or two comets whieli oomo near lam, and m this naj g 
a rather rough determination of his mass. 

RAft TWltv — The density of a body as compared with the 
JTti determined simply by dividing its mass by its volume; 

m 

Density = yr.a - 




( f\ , 1 Umt M. .»'»»» <• 18,1 “ • ., 

Liv™! fn.i.. -«i» - » wl ” ll “ e ”‘ 
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density, therefore, equals or about 0.24, of tlio earth’s donslty, or about 
^ times that of water, the earth’s density being 5.58 (Art. 171). 


641, The Surface Gravity.—Tlio force of gravity on a planot's 
surface as comparer! with that ou the eiuiaoc of tlio earth is important 
iu giving ns ail Idea of its physical condition. If r is tho rndliiH of 
the planet in terms of the earth’s radius, then 


Surface gravity, or = 





it equals the planet’s density, multiplied by its diameter cxproHHoil 
lu terms of tlio earth’s diameter. 


For Jupiter, therefore, = 11 X density - 11 X 0.24 ~ 2.04 nearly. 

Thp.t ia, a body at Jupiter would weigh 2.0 as much ns ono at tlio uarth’N 
surface. 


542. The Planet’s Oblateneas. — Tho “oblatonoss" or “polar- 
compression” is the difference between tho equatorial and polar 
diameters divided by tlio equatorial dinmotor. It is, of courno, 
determined, when it is possible to dotormino it at all, simply hy 
ralcroraetrio measurements of the difference between tho routes t im<t 
least diameters. Tho quantity is always very small and tho observa¬ 
tions delicate. 


543. The Time of Rotation, when it can bo determined, is fount! 
by observing the passage of some spot visible in tho toloscopo iUU'ohh 
the central line of the planet’s dlso, In reducing tlio obsorvntlonH to 
find the Interval between buoU transits, account has to bo taken of the 
continual change in the direction of the lino which joins tho planeL 
and the earth, and also of the variations In the distance, which will 
alter the time token by light in coming to tho earth from tlio body, 

544. The Inclination of the Axis is doduood from tlio snmo obser¬ 
vations which are used in obtaining the rotation period. It is hqcuh- 
sary to determine with the micrometer the paths described by differ¬ 
ent spots as they move aoross the planet’s disc. It is possible to 
ascertain it with accuracy for only a very few of the piano to i Mara, 
Jupiter, and Saturn are the only ones that furnish the noodod data. 

545. The Surfao© Peculiarities and Topography of tho surface 
aie studied by the telescope. The observer makes drawings of iuiy 
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mtukings which ho may bog, and b\ their comparison is at last able 
to discriminate between what is tompoiaiy and wluil is poimnnout on 
the planet Main alone, thua far, permits us tomako a map of its 
suifnoe* 

546. Speotrosoopic Peculiarities and Albedo —The cluuactoi- 
lsticis of tlui planet^ ntmosplu i re can bo to some extent studied by 
moans of the Bpectioseope, which in some few cases shows the pres¬ 
ence of watoi-vupoi and othci absorinng media, by dtuk bands in 
the planets spectrum. Tho u albedo ” or rofleotmg power of a 
planet’s smfaoo is dotoimmetl by photometnc obsoivations, com- 
paiing it with a real or artificial star, or with smno othei planet, 

547, The Satellite System of a Planet, —The principal data to be 
asceitamed aie tho ihxUinces and ponodfi of the satellites, and the 
obscivations are made by measuring the appatent distances and 
diioclions of the satellites fiom tiio confcio of tho planet with the who 
nuciomotcv (Art. 73). Observations mado at tho times when the 
satellite is near Us elongation me especially valuable in determining 
the distance, 

If tho planet and ooilh worn at lost, tho satellite's path would appeal to 
ho an ellipse, nmilteiod in dimensions dining the whole actios of obsciva 
tions; but since tho ninth and planet iuq hath moving, it becomes a oomph 
catod pioblom to dolennino tho satolhlots tiuo orbit jfioni tho enscmlfo of 
obsei yations, 

648. With tho exception of the moon and the outer satalhto of Satinn, \ 
all the aatellitos of tho planotaiy system move almost exactly in tho piano of \ 
the equator of tho pinnaiyj and nil hut the moon and tho seventh satellite \ 
of Satuui (Ilyporion) move m oriufcs almost ouculai ha Place ami Tisso- 
land liavo shown that tho equalonal piotubeianco of a planet compels any I 
satellite winch ih not vmy imnoio fiom its pinnaiyto movo ncaily in the 
equaioiial plains hut the almost perfect ciuiulaiity of tho mints is not yet 
explained When thoio aio a number of satellites m a system, intoiosting 
jnoblems aviso in connection with thoir mutual difttmbailees, and in a few 
cases it becomes possihlo to detonnino a satellite's mass as compaiod with j 
that of its pumtuy* In sevmal instances satellites show peculiar vnuations j 
in lliqir bnghtnesH, which aio mipposod to indicate that they ipako an axial / 
lotatiou in tlm timo of ono lovolution aiound tlm pilmaiy, in tho same way r 
as oui moon does, 

540, Humboldt’s Classification of the Planets,—Humboldt has 
divided the pianola into two groups tho lerresMcil planets, so called, 
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and the major planets. The terrestrial planets are Mercury, Voiuim, 
the earth, and Mars, They are bodies of the same order of multi¬ 
tude, ranging from 3000 to 8000 miles in diameter, not very differ¬ 
ent in density (though Mercury is much denser than either of 
the others), and are probably roughly alike in physical! consti¬ 
tution, and covered with water and air. Hut we hasten to say tlmt 
the differences in the amount of heat and light which they receive 
from the sun, and in the force of gravity upon their NiirfumsN, anil 
probably in the density of their atmospheres, are such as to Imv any 
positive conclusions as to their being the abode of life roMunilriliig the 
forms of life with which we arc acquainted on the earth. 


550. The four major planets, Jupiter, Saturn, Uranus, nnrt Nop- 
tune, are much larger bodies (ranging in diameter between JN),OW> 
and 90,000 miles), arc much loss dense, and so far iih we can make 
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il ??'! 0 ," 3 °" Iy a slu ' faoe of >'"<» Wtty not I urn- 

', J M . ° ol, <l “bout them. There arc some reasons for 

Lth l . I,, . gI ; te ™ 1 ,eratl,,e 5 ta'not, that Jupiter is a sort of 
emt Slai > “Ut this is by no means yet certain. 

As for the multitudinous asteroids, the probability i« that tliav 

,, „gi, p, met 0( , hc ,„; 08t 1 ; , Z £ h ‘"“ 1 2 

b “” .*•"**'«* t.. 1., fvoniLt oM: j,“ 
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bmm hvokim to pieces. All of them united would not make u phuitt 
onu-lmlf lliu nm«a of tins earth. 

Ifig. 170 BhowH tho relative aizea of the different planets. 

Til what follown, all the numerical data, so far as they depend on 
the Holur parallax, are determined on the assumption that that paral¬ 
lax is 8".80, and that tho sun’s mean distance is 92,807000 miles. 


MERCURY. 

Gfil. There is no record of tho discovery of the planet. It has 
been known from remote antiquity; and we have recorded o&semi- 
U*ohh running' hack to n.o. 2(hi. 

For a lime llm ancient astronomers seem to have failed to recognize it 
ns tho muue body on Ibn custom and western sides of the sun, so that the 
bad for ivVnno two names for it, —Apollo when it was morning star, 
and Mommy when it was evening 1 star. According to Arago, the Egyptians 
milled it Snt mid Horns, and tho Hindoos also gave it two names. 


It in ho mm* tho sun Unit it is comparatively seldom seen with tho 
mikiMl oy« j but when mmr its greatest elongation it is easily enough 
visible as n brilliant star of the first magnitude low down in the twi- 
jjtrlit, pwliups imt quite so bright as Sirius, but certainly brighter than 
Avcturun. It is usually visible for about a fortnight at each elonga¬ 
tion, and is hast seen in the evening at such eastern elongations as 
ocelli' in March and April, In Northern Europe it is much more 
diliinult to observe limn in lower latitudes, and Copernicus is said 
never bn have seen it. Tycho, however, obtained a considerable 

mini hoi 1 of obmsmitionH. 

062. It is exceptional .in the solar system in a great variety 
of ways. It is the vrurnt planet to the sun, receives the »«**'«*« 

,Ll kU is the HHWmt in its movement, and (excepting some of the 

iihUhhvWh^ km (ha motU eccmlrio orbit } with the greates tnc m i 

srax us -«. —- <■ "s”.iT2 

asteroids), lms tho ItrntU mass, find the pettiest y 
plaiiulH. 

063. Distance, Light, and Heat. ~ taTg^t 

sun is 3(1*000000 miles, but tlio ^^m\\ion S of miles out of 
(0.90B)i 'hat the sun la seven am ^ from the sun ranges 

"“ c iB ve, “ ,ij iB orblt 
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varies from thirty-five miles a second at porlhnlion only Iwcnly-lhivu 
ab aphelion. On the average ll receives 0.7 lluuw hh much light iunl 
heat ns the earth; but the heat received at perihelion in to Unit M 
apheliou in the ratio of 0 to 4. lfor this nniHon tliermmiHt IuM wip 
seasons in its year duo to fcho ohanglng dlstamui, even if the 
of the planet Is parallel to the piano of its orbit, which would pierhnh* 
seasons like our own. If tho planet’s equator U Inclined lit nn ungh* 
like tho earth’s, thou tho BoasonH must bo vory uomplloulud. 

554. Period.— Tho sidereal period is very nearly HH duyn, euhI 
tho synodic period^ or tho timo from conjunction to conjunction iignhu 
Ib about 116 days. The groatest elongation rnngen from 1H° In ’„ J M\ 
and occurs about twenty-two days beforo unil after tho liilWini 
conjunotion, or about thirty-six days before find after the Hiipcrh»i 
conjunction. Tho planet’s nro of retrogression Ih about 12° (numb I* 
erably varlablo), and tho stationary point Ih very near the grout out 
elongation. 

656. ^ Inclination. ~ Tlio Inclination of tlio orliit to tlui oollptir I.. 
about 7°, but tho greatest geocentric latitude (ihnL Ih, llm pliuief- 
gi'entest distance from tlio collplio us aeon from Hit! uurlli) is never 
quite so great. 

560. Diameter, Surface, and Volume, — 'The apparent (//mnWor 
vauges from 5" to about 111", according to Its dlxtun<-n from us ; the 
least distance from the eartli boing about r>7,0()<H)0() miles (!»:> . 

36), while the greatest is about 120,000000 <1)11 -|- .’Hi), Thu >v,»/ 
diameter is very uoar 8000 iiiIIqb, not differing IVom that morn ||„m 
fifty mllea either way. It is not easy to muaHuro, mid the " prnlmU, 
eiTor ‘ is perhaps rather larger than would have linen expert,,I 
With this diameter, its surface Is j of the earH.'s, nml it. 
volume . 


teej. Mass, Density, end Surface Gravity. — Its mass ] fl very dim- 
celt to determine, since it has no satellite, and the values ohluii.e.l h v 
La Piace Eeoke, Loverrlor, and others, range all the way from > «> 
the earth 8 muBB to ^ J " 

large,rS “u,!TjtLS* ','T .. II,.. 

r H -' ° L ““ - rsrars; 
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us ft innnn disunity fttioui ^ tunes that oi the e<utli, 01 neaily 12j tunes that 
of wain, a little loss Hum that of the metal inocwy So fai as known, the 
cm Mi fltauds next to it m density, but with a wide niton nl, so that Meicuiy 
H ullogothoi exceptional in this respect, ns has been said befoie The lesult, 
lwmovc i, is liable U) a < onsubi able enot, on account of the unceitamty of 
tho phumt’a muss, Lovomei's estimate of the mass and density being onh 
about one half as gusul as BnclclumVs The sujwjicial gxmly is about J that 
nl the cai th’s sm face if we uocopt IhickliuuVs mass 

558 It* Albedo, oi loileoling powei, as deteimined by Zollnei is 
vi'H Ion — only 0*13, somewhat xnfonor to that ot the moon 

Til 1N7H Mi Niihiu}11i obsened tho planet in the same field of view with 
Venus, and although Mm out v was then not much moie than half as fai 
fioni tliu sun an Venus, and thoiofoio foul times as blightly illuminated, it 
appealed to bn less luminous m the telescope “Venus w’fts like silvei, 
Mmmi> like /mo oi loud '* 

\w tho piupovlum of light given out at its different phases, it 
beluucs like tho moon, Hashing out strongly neai the full, as if it had 
a Kiirlhro of Iho same rough stmoturo as that of oui satellite. 

i 659 Telescopic Appeal ance and Phases, —Seen by the telescope, 
the plum'l looks Uko a little moon, showing phases precisely similar 
to thoHO of our satellite At mfenor conjunction the dark side is 
to waul h us, tit mipoiior conjunction the illuminated surface* At 



the gicutest elongation it appears like a half-moon, Between sqpe- 
not conjunction and greatest elongation it is gibbous, ’while between 
luforioi conjunctions and the elongations it shows the crescent phase 
Fig* 171 illustrates tho phases of bolhMercuiy and Venus. 


Km ll,o moKl pail, Moicuiy can bo obwnved only by daylight ibufc ^hen 
piojxu lUfoauUoiiH aic taken to aoicon Iho objoct-glass of the telescope from 
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the direot sunlight, the observation is not difficult. The surface proHrmta 
very little of interest. There are no markings well enough defined to give: 
us any trustworthy determination of the planet's rotation, or of its geog¬ 
raphy. Occasionally the terminator (t\e., the lino which sqmrutcH Urn illu¬ 
minate cl and unilluminated portions of the planet) appears to bo a lit!hi 
irregular, instead of afcmo oval, as it should bo; and at times when Ihn jilirinn 
is crescent-form, the points, or ousps, are a little blunted ; from Ibis moiiki as¬ 
tronomers have inferred the existence of high mountains upon bint pliriinl. 
Sohroter, a German astronomer, tho contemporary of iho older 1 Inrsnlud, 
deduced from his observations a rotation period for the planet of !i-l li. 
fi ni.j but later observers, with instruments certainly far more perfect, huvis 
not l>eeii able to verify hia results, and they are now 001 ini don ill as of little 
weight. 

660. Atmosphere.—Tho evidence upon this subject is not con- 
elusive. Its atmosphere, if it lias one, must, howovor, bo much Icnh 
dense than that of Venus. No ring of lightie seen tmrroimdiiig Ilia 
disc of the planet when it enters the limb of the sun nt tlui Limn of 
a transit, while in the case of Venue euoli a ring, duo to the ubimiH* 
pherio refraction, is very conspicuous. On tho other Imiul, Ilugginn 
and Vogel, who have examined the spectrum of tho plnnot, roporl 
tlmt certain Hues in the spectrum, due to tho presence of iviiLer- 
vapor, wore decidedly stronger than in the epcotruni of tho air (illu¬ 
minated by sunshine), which formed the background for tho plnnot, 
making it probable that it has an atmosphere containing water-vapor 
like the atmosphere of the onrth, but probably loss extensive and 
dense. 


501. Transits.—Usually at the time of tnforlor conjunotion tho 
planet passes north or south of the sun, tho inollimtlon of ltn orbit 
Doing 7 ; but if the conjunction occurs when tho plnnot Ih very near 
«s node, it will cross the disc of the sun and bo visible upon It «b » 
small black spot-not, however, largo enough to bo socu without u 
telescope, ns Venus can under similar circumstances. 

therf^S.^utLaT the ^ °^T nity f01 ‘ nloasul ' in B the fliai not or „ l 
lln , P ., ' . Ullless aiwojal precautions are takon, tho measured dlmunlor 

ETJ£ mm f a T iB lik6ly t0 bD *" mall > ~rinX 

surrouii mg aokgronnd, wliioh onoronobog upon tho planot's tlisn. 
Since the plauet’s nodes are in longitudes 227° anrl M° i 

“ Lr ::: 

**** 
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would ho 2° 10'; but at tho Hay transits the planet is near its 
aphelion ami much nearer the earth than ordinarily, so that the limit 
is diminiahed, while the November limit is correspondingly increased. 
The May transits arc in fact only about half as numerous as the 
November transits. 


C02, Interval between Transits. —Twenty-two synodic periods of 
Mercury are pretty nearly equal to 7 years; 41 still more nearly 
equal 13 years; and 145 almost exactly equal 46 years. Hence, 
after it November transit* a second one is possible in 7 years, prob¬ 
able in 13 yearn, and practically certain in 46. For the May tran¬ 
sits the repetition after 7 years is not possible, and it often fails in 
13 yearn. 

Tim (munits of the present century are the following; ■— 

Aftttf YYwimVn. — 1832, May 6; 1810, May 8 ; 1878, May 6; 1801, Slay 0. 
iVm'rmber Transit*. —1802, Nov. 0; 1815, Nov. 11; 1822, Nov. 5} 1835, 
Nov. 7; 1818, Nov. 10; 1801, Nov. 12; 1868, Nov. 5; 1881, Nov. 7; 1801, 

Nov. 10. 

Tim first transit of Mercury ever observed was by Gassendi, Nov. 7, 1631. 
Tim l.mnsiiH of Mercury tiro of no particular astronomical importance, 
uxcopl us giving iicuunitu do term illations of the planet’s place, by means of 
which its orbit can bn determined. Newcomb has also recently made an 
inivi*stlnation of all the recorded transits, for the purpose of testing the 
uniformity of the earth’s rotation. They indicate no perceptible change m 

tho length of the day. 


VENUS. 

/)03 The next planet in order from the sun is Venus, the brightest 
•„, M 1 n'msl- conspicuous of all, tho earth's twin sister in magnitude, 
HiW, «ul g neml'constitution, if not also in age, as to winch we 
t r no knowledge. Like Mercnry, it had two names among the 
tiwokH,.- IHmLrH* as morning star, and Hesperus as evening stai. 
It is so brilliant that it is easily seen by the naked eye in the daytime 
for' several weeks when noitf Us greatest elongation ; sometimes i;i 
bright enough to euteli the eye at once, but usually U.s seen by day- 
Hula [inly when Olio knows in’Gcisoly where to loo ( foi 

(H1, not, however, the ‘S*r ./ >*“ te “ 

frequently taken f °r it ) 

,.rr.:«r=1 
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orbit is tho smallest in the planotary system (only 0.007), so tlmt tlio 
greatest and least distances of the planet from tho sun differ from 
the mean only 470,000 miles each way. Its orbital velocity is 
twculy-two miles per second. 

Its sidereal period is 225 days, or bovou and ono-half months, and 
its ay nod to period 684 days — a year and sevon months. From supe¬ 
rior conjunction to elongation on oithcr sido is 220 days, while from 
inferior conjunction to elongation is only 71 or 72 days. Tho arc of 
retrogression is 16°. 

The inclination of its orbit is only 


685. Diameter, Surface, and Volume.—Tho apparent diameter 
ranges from 67" at tho time of Inferior conjunction to only 11" at the 
superior. This great difference depends, of course, upon tho enor¬ 
mous cliaugo in the distance of tho planet from tho earth. At 
inferior conjunction tho planet Is only 26,000000 miles from us (1)8 
— 67). No other body ever comes so noar the earth except tlm 
moou, and occasionally a comet. Its greatest distance at superior 
conjunction is 160,000000 miles (08+07), so that tho ratio hotwnen 
tho greatest distance and the least is more than 6 to 1. 

The real diameter of tho planet is 7700 (± 80) miles. Its /sur¬ 
face, as compared with that of the earth, is nincty-llvo per cont: 
Its volume ninety-two per cent. 


600. Maas, Density, and Gravity. — By moans of tho perturba¬ 
tions she produces upon the earth, the mass of Venus is found to bo 
seventy-eight per cent of tho earth's ; honco her density is oigiity-six 

per ceut, and her superficial gravity eighty-three por cent of llio 
earth's. 


687. Phases.—The telescopic appearance of the planet Is atrlfc- 
% on account of her great brilliance. When about midway between 
greatest elongation and inferior conjunction bIio has an npparonl 

sheTfl! ° f 10 n S ° tlmt ’ wlth 11 tying power of only forty-five, 
same ap^ronTsi , “ 00 ‘ 1 *”* *** °' d ’ aud (,f «» 

the^clTr^^rT’ WOt ’ ld ! hi,lk 80 ° n tholr vlow through 
scopio object’: lie Instinctively ad I 7^7°?“ ^ ttliparo,,t 8 ' M uC a Udo- 

the sky. 8t6ad 0f P r °j e °ti.x ff tho object visually into 
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According to the theory of Ptolemy, Vomis could never show us 
more than italf her illuminated surface, since according to liis hypoth¬ 
esis she was ahoctya between us and the supposed orbit of the sun 
(Art. 500), Accordingly, when in 1G10 Galileo discovered that she 
exhibited the gibbons phase as well as the crescent, it was a strong 
argument for Copernicus. Galileo announced his discovery in a curious 
way, by publishing the anagram,— 

“ Ilaoc immatura a mo jam frustra legimtiu*; o, y,” 

Some months later he furnished tho translation,— 

“ CynthliQ figuras rcinulatiir mater amomm,” 

which is formed by merely transposing tho letters of tho anagram. 
His object was to prevent any one from claiming to have anticipated 
him in this discovery, as had been done with respect to his discovery 
of the sun spots. 



Kiu. 172, —ToIobcoiUc Appi'umnoQs of Venim. 


Pig, 172 represents the disc of the planet as seen at four points in its 
orbit. 1, 3, and 5 are taken at superior conjunction, greatest elongation, 
and near inferior conjunction respectively, while 2 and d are at interme¬ 
diate points. 

688. Maximum Brightness, — The planet attains its maximum 
brilliance thirty-six days before and after Inferior conjunction, at a 
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diatauce of about 38° or 89° from the suu, when Ite plmso Is like that 
of the moon about five days old. It then casts a strong shadow, 
nud, ns has already been said, le easily visible by day with lliu 
nnked eye. 

009. Surface Markings, —These are not at all conspicuous. Near 
tho limb of the planet, which is always linicli brighter fclinn tho enutrnl parts 
(os is also the case with Mercury and Mars), thoy can never bo well soon, 
although sometimes when Venus was in tho crescent phase, intensely bright 
spots have been reported near the cusps, as at a and h in No. 4, Fig. 17ih 
These nmy perhaps bo ice-caps like those which arc scon on Mars. Near llio 
41 terminator, 1 '* which is less brilliant and less sharply defined than tho limb, 
irregular darkish shadings are sometimes seen, such as are indioatod by tho 
dotted lines in the figures, hut without any distinct outline. Thoy may bn 
continents and oceans dimly visible, or they may be more atmospheric 
objects; observations do not yet decide. 


1570. Rotation of the Planet.—From the observation of snob 
mark lugs Sehrdter deduced the rotation period of 28' 1 2L m , which Imn 
since been partially confirmed by one or two other observers, ami 
mflj be approximately correct. ' De Vico eonohulocl that tho pliinot’n 
equator makes an angle of about 54° with tho piano of Its orbit. 
This, however,' Is extremely doubtful. If the bright B pots wliiob 
have been referred to in Art. 5(ill are really polar loo-cups, tliu 
equator enunot be very greatly iuollned. (Sec Clorko’s “ History of 
Astronomy/’ p. 299.) J 


No sensible difference has been ascertained between the different cliain- 
eters of the planet. \t it were really tts nmoh flattened at tho poles ns the 
earth | fl , there should be a difference of 0" 2 between the polar and equate- 
rial diameters ns measured at the time of the planot’s transit, 1 

571. Mountains. — From certain Iiregularitios ocaasionully ob- 

Sl f r r ;r d eSPG ° lftlly fr ° m the P e0llIiR '' ‘-l"nted 

eluded that n 6 C " 81J8 ° 116 ovesoent > various observers linvo eon- 

^ anet ZZ ^ n P°° tho «“*«» <* 

pole he ttrn™ T'T 80me of tll08 ° nem “ thorn 

po e the extravagant altitude of twenty-five or thirty miles but tlm 

evidence is entirely insuffloient to w arrLt any confllSilot 


0.5ofwhi^^‘nbounhree^ 1 time8 thatTof tl° ° f r,I " net Ia 

mes that of the moon, and almost four 
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time’s that of Mercury. It ia, however, exceeded by the reflecting 
power of tlio surfaces of Jupiter and Uranus, while that of Saturn 
appears to lie about the same. This high reflecting power probably 
indicates that the .surface is mostly covered with cloud, as few rocks 
or soils could match it in brightness. 


673. Evidences of Atmosphere,—When the planet is near the 
Him, tho Imrus of the orescent extend notably beyond the diameter, 
ami when very near tho sun, a thin lino of light .lias been seen by 
several observers, especially Professor Lyman of New Haven, to 
complete tho whole circumference. This ia due to refraction of sun¬ 
light by the planet’s atmosphere, a phenomenon still better seen as 
tho planet is entering upon the sun’s disc, at a transit, when the 
black disc ia surrounded by a beautiful ring of light. From the ob- 
m<mili<ms of tho transit of 1874, Watson concluded that the planet's 
atmosphere must have n depth of about flfty-five miles, that of the 
eitrl.h lining usually reckoned at forty miles. Other obseiveis in 
different ways havo come to substantially the same results. Its 
atmosphere is probably from one and a half to two times as extensive 
and dense as our own, and the spectroscope shows evidence of the 
presence of water-vapor in it. 

Liqhln on Dark Portion. —Many observers have also reported 
faint liohts as visible at times on the dark portion of the planet’s 
disc. These cannot he accounted for liy reflection, but must origi¬ 
nate on tho planet’s surface; they recall the Aurora Borealis and 
other electrical manifestations on the earth. 


874 Satellites. — No satellite is known, although in the last 
emitmy a number of observers at various times thought they had 

found one. 

Tll llH1 at cases thov observed small stars near the planet, which we can 
1 , 1 , 11 ,fify |iy computing tho place occupied by the planet at the (late o 

brought l<> light by means of tho Kc tla^Vand the £ that 

.**• - 

Trnn.itfl. — Oucssionnll.v Venus posse, betmwi tl.e envtk 
Jl “««■« coninncto, giving ns . “«—• 
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She is then visible (even to the linked eye) ns n black Hpnl on the 
dlao, orosaing it from enst to west. 

As the inclination of the platiefc’B orbit in nearly Si 0 , the " lran sil 
limit" is small (about 4°), anertbo transit* are theveforo very rare 
phenomena. The sun passes tho nodes of Iho orbit on Juno A mul 
December 7, so that all transits must occur on or near those ► 
When Venus crosses the sun’s disc centrally } tho duniUoii of the 
transit is about eight hours . Taking tho menu diameter of tho Mini 
as 82', or ^ of a oivoumferemoo, and the planol/n synodic period 
as 584 days, the geocentric duration of a central triuiBlt nliould lio 
^84 d , which equals 0.332 days, or 7 h 58 nl . 

Wheu the tmuait track lies noar the edge of the dine, tins duration 
ia of course correspondingly shortened. 


578. Reourrenoe of Transits,—Fivo synodic, or thirteen rIcIovgiiI, 
revolutions of Venus arc very nearly equal to eight yoam, tho dlflPor- 
enco being only a little more than one day ; and still move nearly, in 
faot almost exactly, 248 years arc equal to 152 synodic, or 81)5 hIi'Iu- 
veal, revolutions. If, then, wo have a transit at any time, wo may 
have another at the same node eight years onrlier or later. Sixteen 
years before or after it would bo impossible, and no other transit 
can occur at the samo node until after tho lapse of two hundred and 
thirty-Jive or two hundred and forty-three years. 

If the planet orossea the sun nearly centrally, tho (mnnlb will nob 
be accompanied by another at an flight-year Interval, hut tlio pliumt 
will pass either north or south of tlio sun’s dise, at tho conjnnollonH 
next preceding and following. If, however, ns Ih now Iho cmflo, tho 
transit path is near the northern or southern edge of tho huh, thou 
ere will lie a companion transit across the opposite odiro of the 
disc eight years before or after. Thus, If wc have a pair of June 
trausits, separated by an eight-year interval, It will lm followed by 
nn° mi* pair at the same node in 243 yours ; and a pair of lhmnhrr 
tianaits will come m about halfway between the two pairs of J une tran- 
b . After a thousand years or so from tho pi'osimt time the transits 
U O0aBe 001110 lu l )flu,8 > as they have boon doing for 2000 yum*. 

datmL TmnBltS ° f Ye!ina hnV8 ooourrGcl or w111 0C(5 ^ <>" Uui following 


December 7,1681.) 
December 4,1080 .) 
December 0 , 1874,) 
December 0, 1882, j 


Juno N, 1701. \ 
Juno 3, 1700. \ 
Juno 8, 2004,) 
Juno 0, 2012. i 
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Tho special mtoiest m those hansils consists in tho use that has boon 
maclo of them for iho puiposo of fiiuling tho sun's 
paiallax, a subject which will bo discussed latci on 
(Chap XVI) 

Tho lust obsotved liansit, m 1039, amis soon by 
only two poisons, — JIonox and Ciabtioo, in Eng- 
laiul. Tho fom which ha\e occimcd since then 
hu\o been extensively obsoived m all pails of the 
woihl whoio they woio visible, by scientific expeditions 
stmt out foi tho puiposo by diftemU nations Tho 
tiansits ot 1700 and 1882 woio visible in tho United 
States Pig 173 shows tho hack of Venus acioss 
tho aim's disc at tho two tiansits of 1874 and 1882 

MA1{S * 

This planet is also pichistoiie us to its discovery It is so con¬ 
spicuous m coloi and biightnesa, and m tho extent and apparent 
capaciousness of its movement among the alaia, that it could not 
have escaped tho notice of tho veiy earliest obseivoia 

678. Orbit — Its mean distance fiom the sun is 111,500000 
miles, but the eccentricity of the orbit is so considerable (0 090) 
that tho distance vanes about 13,000000 miLcs Tho light and heat 
which it receives fiom tiio sun is somewhat less than half of that 
leceivcd by the oailh Tho inclination of its mbit is small, 1°01'. 
The planet's sidereal penod is 087 days, or l y 10V mo , winch gives 
it an average 'orbital velocity of fifteen miles per second Its 
.synodic period is 780 days, oi 2 y lf mo , It is the longest m the 
solai system, that of Venus (584 days) coming next. Of the 780 
da^s, it moves eastwaid duung 710, and rclrogmdes during 70, 
through an aie of 18° 

079. At opposition its average distance fiom thecuith is 48,600- 
000 miles (141,000000 miles minus 92,000000 mi’es). When the 
opposition occms noai the planet's pciihelion, this distance is 10 - 
duced to 30,000000 miles; if near aphelion, it is increased to om 
61,000000. At conjunction the avamgo distance fiom the ciulh 
is 234,400000 miles (141,000000 plus 92,900000) 

The apparent diamctei and hrilliancy of tho planet, of comae, vary 
enormously with these gical changes of distance. 

If wo put R foi tho planet’s distance fiom iho sun, and A for its distance 
fiom tho oaitli, its brightness, neglecting the collection loi phase > should 
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Wo l from Ibis Unit, lulling Mm ut iMmvnu*vu 


as unity (at winch time Uio pUnui in about jih bright n*» Urn pub* ’tu K o ii 
niato trlmn twenty-tfii’uu Ktiidh brighter at flm twvrw n|'p ,! ‘iM»*n, ami Ph* 
throe timuH if tlm opposition omuiis nf. flm plnimiV jm*i ihdhm. \i 

anunfavorable opposition Mans us Inis lirun imhl, iiwv t»' ai,UOunun mib •. 
distant, and itft hviglitmws timn in nnfy iilmut Iwnlv * 1 Mnmi »■» ir^ 

conjunction, ■— thu d\lTm’mnu\ between favombfn rin<( iinfnviimMn npjvnf h^nr 
being mere than fonv to otto, 

Those favorable nppnsitfuns norm 1 always fn flm lid i^i p;nf <»l rVngir>) 
which (Into tlio sun passim tlio liim nf upsides of (la* pbnnf ), uml nl inl^i v 4 ,U 
of ftfteou orflUvunteon years, Tim hist was fn IH’/V, on*I Mm n»»*l. \MU \-*« m 
1802- A vofovowno Ui 1%. 15il will allow how gmif, fn llm dilh’nm*.»hi i w<n 
tlio planet's opposition distiume from Mm earth under vm vhig rhrniimlnm* 

* 

580, Diameter, Surfaoo, and Volume.--Tlm n|»|mivnt dltum’bt r<i 
the planet mngOB from i) u ,G at imnjnimlinn, in V!.V\Mnl w I’avtmthV 
opposition, Its real dimmdor Is very dowdy HJnn miles, i)m nmr 
may bo twmifcy miles oiHMvuy or Urn ottmr. TliH innhi s In sin fin 
0.28| and its volume 0.147 (equal to )) of tlm rnriliV 


581, Mass, Density, and Gravity. — - Ohm?rvHrli>n» nj.mj In >,uu y 
lltofl give It* niaHH ii» 0 \ liompimid with Mud, m* Mm «*»o h. ’Ho 
makes its (tenuity 0.7. ( J and Mtpv.t'Jtetitl \ji'uvily n.J.W ; flint In, a >h *A\ 
which weighs 100 pmindH on tlm mirth would liuvn a swlyM **f 
pounds on the aurfiico of Mars. 


582 , Phases, —Since tlm orbit uf the |>lnne(, Ik onKlile Umt nf il,- 
uaithj it novel* ftonmn between im and the mu*, 
anti can never nhuw the, nrurtHt Un „i 

quadnilurc enough of tlm miilliiminidnl 
ifi turnod toward* tlm etnffi hi make tlm tliw 
elm)ytjtVmtH Hfco tlm immti tluvr m fu.ir •Ini* 

from full* Mg, 171 nlimv* fin ... 

uooimituly drawn U) nmih*, 

fio. 174. 583, TheAlbedo H of tho Planut, Aivnid 

Qnab»i i?h«Bo of iim, in ff ^ 2HilInoi ,# a ubHorvatioiiH Mils jn ibun, wJib Ji 

m „ n , !® wuBldornli^ l.l K liur i)»ui th„t 

(i)) just double that of Mormiry. 



Rotation. —Tlio plunut’H tlum ,,f ntlulli.u 
liila very exact dotonnlnatlou Iuih boon nrndo by 


Jm iM* j|?-> aaM,y. 
K/tlmr nutl Sot- 
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Invyxon, by comparing drawings of the planet which were made more 
than 200 yearn ago by Huyghcns with others made recently, 

I t i« obvious that observations made a few days or weeks apart will 
givo the time or rotation with only approximate accuracy. Knowing 
it thus approximately, we can then determine, without fear of error, 
the whole number of rotations between two observations separated by 
a much longer interval of time. This will give a second and closer 
approximation to the true period ; and with tbis we can carry our 
reckoning over centuries, and thus finally determine the period within 
a very minute fraction of a second. The number given is not uncer¬ 
tain by more than ^ of a second, if so much. 

685. The Inclination of the Planet’s Eqiyitor to the Plane of its 
Orbit, — This is very nearly 24° 50 1 (26° 21' to the ecliptic ), not very 
different from the inclination of the Garth's equator; so far, therefore, 
us dope mis upon that circumstance, its seasons should be substantially 
the Biums us our own. 


680. Polar Compression. — There is a slight but sensible flatten¬ 
ing of tins planet at the poles. The earlier observers found for the 
polar compression values as large as and oven -jV Ihese large 
valium, however, are inconsistent with the existence of any extensive 
surface of liquid upon the planet, and more recent observations 
of the writer show the polar compression to be about which is 
iiUnimt exactly what would be expected from a planet constituted as 
we suppose Mars to be. 


687. Telescopic Appearance and Surface-Markings. The fact 
Unit we are able to determine tho time of rotation so accurately of 
course implies the existence of identifiable markings upon the sur- 
I’ntifi. Viewed through 
a powerful telescope, 

Hie planet's dine, as a 
•whole, in ruddy, —In 
fuel, almost rose color, 

• ••-very bright around 
tho limb, lull; not at the 
»terminator,” if there is 
any considerable phase. 

Tho central portions of . . tcllRB of shade, for the 

tho iliso present greenish and P^l^'sU P kiugs have 

moat part not sharply defined, though some of the 



FIG. 176, — Telescopic Views of Mars. 
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outilnos reasonably distinct. On watching Mm j»1nn<M iWimlv n fvw 
hours gvoii, tho markings piiKH on ucroHs dm disc, uml tni< ivgihii «<*] 
by othors. Homo of thorn ant perinnuoul, uml leior uL ivgiihii mi- 
torvals with tho sumo form him! uppcununm, while mMhhm upp*-nr m 
bo only clouds which for a time veil the rairfm n Mow, nml flun 
olonr away, 

By comparing drawings Hindu when Mm mime side in (m nnl 
the earth, it is possible ill a short limn lo inrelluln ivlml. U nhur t 
really belong to tlio planet's geography. 

Tho polaricc-onpH, brilliant while patches near I bo puliu 
marked foaturo in the planet's telescopic uppeimmiv. Tlmi.o jhm b, 
Hovod to bo ice-capn from Hie luet that the one wliirli l» iu rn (In- 
that happens to bo turned towards llm mm cMiitlinmllv illmhiMii a hi 
sizo, whilo tho other increases, the process being revrimd will* ffm 
seasons of tho planet. 

588. Tlio principal pooiillarlly of ...if Miuh h|.|»ioa 

bo tlio way in which laml mid water in n iijb'i-iucrtlird. Tim. . i., 

bo fow groat ooonim and.ilincnts, Imt Mien- urn imri.m m„„h «.r lh„ 

Boa, liko tlio Baltic and the Bed Sen, ]n>nulruling uml .|iu,||., K (t,. 



» . ,•! f. H 


I'm. no.- HuJilnpnr.-IIIV Mnp „f m„, 

=:trr >f . 
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llio planet. Schiaparelli, on the other hand, lias taken his names 
mostly from classical geography. Fig. 176 is a reduced copy of his 
map of tlio planet, drawn on Mercator’s Projection. The student 
will rninoinlicr that in maps of this sort the polar regions are ex¬ 
tended beyond their due proportion, and also that the parts near the 
polos can never bo scon from the earth nearly as well as those near 
the equator, and lionce that our knowledge of the details in that part 
of tlio pltuiofc is very limited, (See note to Art. 588, p. 347.) 


589. Atniosphevo.—Atouo time it was supposed that the atmos¬ 
phere of the planet is very dense, but more recent observations Jiave 
ahown that this cannot be the ease. The probability is that its density 
is considerably less than that of our own atmosphere. Dr. Huggins 
lias found with the spectroscope unequivocal evidence of the presence 
of aqueous vapor. Although tlio planet receives from the sunless 
Umn half the amount of heat and light per unit of surface that the 
earth docs, the climate appears, for some reason not yet discov¬ 
ered, to ho much more mild than would he expected. So far as 
wo can judge, tlio water on the planet is never frozen except very 
near the polos. The earth, as soon from Mars, would present much 
more extensive snow-caps. 


500. Satellites. —There, are, two satellites, which were discovered 
In August, 1877, by Professor Hall at Washington with the then 
now ‘iO-tuoli telescope. They are exceedingly minute, and. can he 
seen only with tlio most powerful instruments. The outer one, 

1 Minos, is at a distance of 14,600 miles from the centre of the 
planet, and has a period of 80" 18-, while the inner one, Phobos, 
Is at a distance of only 5800 miles, and its month is but 7 39 
long, not one-third of the day of Mars. Owing to tins fact it rises m 
thu wwt every night for the “ Marticoli” (if there are any people 

there) and sets in the east, after about 5y. 

UolmuH does not do this; it rises in the cast like other stars,’but 
its orbital eastward motion among the stars is so nearly equal to its 
In m motion westward, that it is nearly 132 hours between wo 

undergoes all its changes of phase four times in the mteival. 

Or course, both the satellites arc frequently eclipsed,-the innei 

other on tlio planet’s surface. 
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Their orbits appear to be exactly circular, ami tlicy move exnrUv 
in the plane of the planet’s equator; ami they imp bo, liuiiiituiiHMl in 
their relation to the equator by the action of the u equatorial hnlgu " 
upon the planet, 


691. As givers of moonlight they do not amount to much, Tholr 
diameters are too small to ho measured with any itiiuroumfor; hut 
from their apparent magnitude 1 (/.c., brightnusH), m mum from 
the earth, and assuming tlmt their surfaces have fcho mono veiUndivo 
power as that of the planet, Professor Pickering ban ostiiniiiinl the 
diameter of Phobos, which is the larger one, as about seven union* 
and that of Dciinos, as five or six. The light given by Phobon to 
the inhabitants of Mars would be about ^ of our moonlight; tlmt 
of Deimos abont -rg^. 

The period of Phobos is by far the shortest period in Urn Holm* hvm- 
tem. Next to it is that of Mimas, the inner satellite of Saturn, 
which, however, is nearly three times as long, — 22 Tibs ntphV 



""T"" r 10 1 "“■»«»*«. 

views which hnci been held „ L '’? <1 "' r0S *PocHfl«iClon of tin- 
the nebular hypotS ^ m ° ° { thoi '' <H«oovarj. i f 

or a lengthening of the planet’s dav' "f i°* ^ IhjpNmI, 

satellite came into hell », l ’ T !T ° Cttl,,TOl *** U.o 
existence of a satellite kaviuir a -^f 0 10818 w '* 1 nf,t it0( ' oui| t for tlm 
tion of its prime ^7 % AT ^ Umui tho «**- 

* g ’ l< ' 18 “ **8"“" <*< «>e satellite orbilH u« 
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Till? ASTBHOIWS, OH MINOR FLAN RTS, 

lluty appeared from the earth in 1888, It is reduced from the 
American Nautical Almanac for that year. 

Till? ARTRH01D8, Oil MINOR PLANETS. 


1 693. These lire a group of small planets circulating in the space 
between Mars ntul Jupiter. The name {i asteroid” was suggested 
by Hir William Jlorschcl early in the century, when the first ones 
wui'w iUncovered. The later term planetoid is preferred by many. 

It was very early noticed that lliorc is a break in the series of the 
dintnnces of the planets from the sun. Kepler, indeed, at one time 
thought ho had discovered the true law’ and the real reason why the 
planets’ distances are what they are. This theory of his was broached 
twenty-two years, however, before he discovered the harmonic law, 
and he prolmbly abandoned it when he discovered the elliptical form 
of the planets’orbits. At any rate, in later life he suggested that 
it was likely that there was a planet between Mars and Jupiter too 
small to be seen. 

The impression that such a planet existed gained ground when 
Iloilo published, the law which bears his name in 1772, and it was 
still further deepened when, nine years later, in 1781, Uranus was 
discovered, and the distance of the now planet was found to con¬ 
form to llodo’s law. An association of tweuly-four astronomers, 
mainly (!urnum, was immediately formed to look for the missing 
planet, who divided the zodiac between them and began the work. 


« UK, •uvinhhsI law WHS ns follows: Imagine the mi surrounded by a hollow 
Htilieriunl shell, on which lies the orbit of the earth, Inside of Out she 1 mser.be 
I reunbir Metro,, (tho liven ty-slded regular solid) and within that inscribe a 
second hi, hero. This sphere will carry upon it the orbit of Venus. Inside of the 
, ! ! f Venn, inscribe an octahedron (the eight-sided solid), and the sphere 
Which Ills Within It will carry Mercury’s orbit. Next, working outwards from the 
mirth’* orbit, circumscribe around the earth’s sphere a < ot eco ei 'f"’ 
scribing around It another sphere, and this will carry upon It die oi i 1 ’ 

remind tliu sulioro of Mars oircuinscribo the tetrahedron, or the regu a py 

I ,™ .1 Ibl. -Ill J«M r«J l«. .0 a* <"» *!"«« f—" 

i« J 1 £as—*; 

nymrtntf with /net even fl« closely as ( e . ^ t l c f acfc there ( 

n*tfular aolltla. 
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Siugularly enough, however, the ilrst discovery was made, not by a 
member of this association, but by Piazzi, the Sicilian nBlrunoiner of 
Palermo, who was then engaged upon an extonslvo etui'-catalog no. 
On January 1, 1801, he observed a seventh-magnitude star which by 
the next evening hnd unquestionably moved, and kept on moving. 
Ho observed it carefully for some six weeks, when bo was taken ill ; 
before ho recovered, it lmd passed on towards snporlor conjunction, 
and was lost In the rays of the sinf. lie namod it OeroH y after the 
tutelary goddess of Sicily. 

’When at length the news reachod Germany in the hitter part of March 
it created a great excitement, and the problem now was to rediscover bhn 
lost planet, The association of planeMinntors began the noaveli in Septem¬ 
ber, as soon as its elongation from tlie aim wan great enough to give any 
prospect of success. During the summer Gauss doviBod his now method 
of computing a planetary orbit, and computed the ophemorLs of its path. 
Ver>' soon after receiving his results, Damn Von Zmsh rediscovered Umvh 
on December 31, and Dr. Olhora on the noxt day, just ono year after it WHS 
first found by Piazzi. 


t593. In March, 1802, Dr. Olbere, who in looking for Ooren hnd 
carefully examined the small stars in the constellation of Virgo, on 
going over the ground again, found a second planot, which lw imininl 
Pnllns, a body of about the same brightness as CoroH. Two having 
now been found, and Pallas having a very eccentric and much Inclined 
<n nt, ho conceived the idea that they were fragments of it broken 
panet, mul that other planets of the snmo group could probably be 
found hy searching near the intersection of thoir two orbita. Juno, 
the third was discovered by Harding tit Lilionthal (SchWJtcr^ obmMr- 

11,0 >“*«»! »n<l brightest of til. nliolu 

arr ™“* ^ «»»). ™ ^ uu*™ 

this but nn i * i 16 aeaich wa * ]cG Pt up for Govern! yearn after 

—»Lr g ;.z l ”“' to ™ fo " n ' , i '“"“ “»r >«*.<>» 

-£.“■ rz z™ 8 ™: 11 :: l‘z bv “v" 

- h r .^7 

enough for ,1,7™“ , ( 7 :! iM0,e ' y No » fc »» »«• Slor.v 

ami since then not a via - L a T T'° WC, '° bKra 8 ht to ; 
twenty to the number. The list- W f' 0 ”*’ (lcWln S from one to 

ami there is no prospect of diminution"^In°a»« 8 mto*°or *rti” P 281 ’ 

th ° Ugh ^ " «■* very smalU-C 2 *Z3i 
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nml thirteenth magnitudes, which icqune a huge telescope to nnue 
thorn oven visible, AU the blighter ones have evidently been aheady 
picked up 

f l 1 h*% have bmi discovoml by compaiahvely a few obseiveis Foui per- 
ttiiim have iound inoie than 20 each Palm, of Vienna, who stands fai 
in advance of all otluus, lias alone discoveiecl 68, and Di Peteia of Clinton, 
N Y, 52, Indian o i Dusseldoif, 21, and tlie late Piofe&soi Watson, 22 
'Pirn (ionium astumomms have tliw> fai discoveied 102, the Amencan, 78, 
tlm Pi cm li, 0(1} Iho English, 10, and the Italians, 16 


604 Method of Seal oh, — The asteiouMnuitei selects ceitam 
poilumH of the akj, usually near tho ecliptic, and piepaies chaitd 
envoi mg two or throe wquaic degiees, on which lie sets down all the 
HliiiH hut telescope will show, This is a \eiy labonous opeiation, 
wluoh in tho future is likely to be vorj much facilitated by photog¬ 
raphy, This cluut once made, he goes ovei tho giouuil fiom tune 
to time, compaung every object with the map and looking out foi 
iiiUulopois, It he finds a slai which is not on \m cluut, the piob 
ability is that it is a planet, though 11 may be a callable stm which 
wu4 uiMHihlo when tho chait was made He vciy soon settles the 
qucntinn, however, by measming with the miciometei the distance of 
the new sliu fiom sumo of its neighbois, keeping up the ptocess for 
un hour <u two If it is a planet, it will move petceptibly m that 


length of time 

(If niuiHOt uieat oftic must be taken to be siue that at is a new planet, and 
uul mui of tlio muUiluflfl uheady Known Gene tally it is possible to decide 
vf»V imwkly whitli of tbo known planets will be in tin) lieigliboiliood, am 
imuijjli compulation will commonly decide at once wliethei the planet: « 
„ mv or lint Not always, liowuvci, and mistakes m this legaul aie not j 

umwuul 

Them.- minor plmiotn mo nil named, the names being dewed from 
mythology and legend. They a,a also deviated by nnmbeis atul 
Hu, symbol for each planet is the numberm.ttcn in a cnek bn», 
for (’ei'OH tho symbol is (i), for Hilda, Ofifi> ! and so on 

A. full list of them, with Iho elements of then mbits, is published yeaily 
i h Urn * Amman o du Biucau das Longitudes,” Pans 

505 Their Orbits —Tho mean distanoe of the different nsteioids 

p »uy, - - "IXS xrx 

Hpondinglv different. Medusa, 1 ltt peiiod, 3 T 40 d . 

tiuiee (2.13, or 198,000000 miles), and tho shoiteat i 
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Tlmle, ( 270 ), is the remotest, with a moan distance of 4.30 or 400,- 
OOQOOO miles, ami a period of 8 y 313 d . According to Svodstmp, 
the moan distance of tho ‘‘mean asteroid" is 2.65 (246,000000 
miles), and its period about 4£ years. Its distanco from the earth at 
time of opposition would be, of course, 1.65, or 153,000000 miles. 

The inclinations of their orbits average about 8°; but Pallas, ©, 
has an inclination of 80 * and Euphrosyue, ( 31 ), of 20£°. 

Several of the orbits are extremely cccentrio. ASthm, (uD, has 
an almost comctary eccentricity of 0.38, and nino or ten others 
have eccentricities exoGoding 0.80. They are distributed quito un¬ 
equally in the range of distance, there being, as Kirkwood lias 
pointed out, vory few at auoh distances that their poriods would bo 
cxaotly commensurable with that of Jupiter. 

090. Diameter and Surfaoe. —Very little is known as to tho real 
size of these bodies. The four first discovered, and a few of the 
newer ones, phow a minute but sensible disc in very powerful tolo- 
Bcopoa. Veptft, which is the brightest of tho whole group, and is just 
visible to the naked eye when near opposition, may bo from two hun¬ 
dred to four hundred miles in diameter. Pickering, by pliotomotrlo 
measurements (assuming the reflecting power of U 10 plnnot’s surface 
to be tho same as that of Mars), finds a diameter of 316 mil os. 
The other three of the original four are perhaps two-thirds as largo. 
As for tho rest, it is hardly possible that any one of them oun bo 
as nmoh as 100 miles iu diameter, and the smallest, such as are now 
being discovered in suoh numbers, are probably loss than ten miles 
through, — nothing more than 41 mountains broke Jooso." Tho sur¬ 
face area of one of the smaller ones would hardly 111 ako a large 
Western farm. 

697. Mass, Density, eto. —As to the individual massoa and densi¬ 
ties we have no certaiu knowledge. It la probable that tho density 
does not differ much from tho density of tiie orust of tho oarth, or the 
mean density of Mars. If this is so, the mass of VoBta might pos¬ 
sibly be ns great as or TnrJnrcr uarth. On euoh a planet 

the force of superficial gravity would bo about to ^ of gravity on 
the earth, mid a body projected from the surface with a yolooity of 
about 2000 feet a* second — that of an ordinary rifle-ball — would 
fly off into space and never return to the planet, but would oir- 
culate around the aim as a planet on Its own aocount. On the 
smallest asteroids, with a diameter of about teu miles, it would be 



AGGREGATE MASS. 

<£tiitC5 possible to throw a stone from the hand with velocity enough to 
ho nd it off into space* 

698. Aggregate Maes,—Although we can only estimate very 
roughly the masses of the Individual members of the flock, it is pos-’ 
si Ido to get some more certain knowledge of their aggregate mass. 
UsveiTior from the motion of the line of apsides of the orbit of Mars 
demonHlrated that the whole amount of matter thus distributed in the 
HpiuiO between Mars and Jupiter cannot exceed about one-fourth of 
the iuhbh of the earth. This quantity of matter collected into a body 
of the Hiunu density ns Mars would make a planet of about 6000 miles 
in (Humidor. 

Thu umlt'd masses of thoao which am already known would make only a 
V»u*y small fraction of such a body. Up to August, 1880, tho united bulk of 
thn ustornids Hum discovered was estimated at P arfc °f ^ ie earth’s bulk, 
with a mass probably about of the earth’s. Presumably, therefore, the 
number of these bodies remaining undiscovered is exceedingly great —to bo 
counted by thousands, if not by millions. Most of them, of course, must bo 
hi unit smaller tlmn those which tiro already known. 


699, Forms, Variations of Brightness, and Atmosphere. — We 
him? no definite, knowledge) on tills point, but Dr. Gibers observed 
in the tuiso of Vesta certain fluctuations in her brightness winch 
hoci tied to him to indicate that she is not a globe, but an angulai 
MiciHHt — a splinter of rock. This, however, is not confirmed by the 
iwn'0 recent pi io to me trio observations of Mflller or Pickering. 


Mill lor examined wmm of tho asteroids, and found their changes of bright¬ 
en* very regular. Four of thorn, one of which is Vesta, behaved precisely 
like Mum as if their surfaces wora comparatively smooth, while three others, 
Corn* and Pallas among thorn, behaved like tho moon and the planet Mer- 
luuv, u* if having a rough surface with very little atmosphere, and nearly 
(ihmtlloHH, Home of tho curlier observers reported evidences of an extern 
Hive halo around thorn. Later observations do not confirm at, and it is 
nob likely that they carry much ftiv with them. 


COO. Origin. — With respect to this we can only speculate, Two 
views liiwo been hold, as 1ms been already intimated 0,161 ^* a ^ e 
material, which according to the nebular hypothesis ought to have 
lK.cn concentrated to form a single planet of the class to wbteh the 
imrib liolomrs has failed to he so collected, and 1ms formed a floe 

very generally believed M » 
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matter which at present forms the planets was once distributed in 
rings^ like the rings of Saturn, If bo, this ring next outsido of Muth 
would ncoossarily suffer violent perturbatioua from tho notirnosH of 
the enormous planet Jupiter, and bo would bo mulor yory different 
coiulitious from any of tho other rings. Tills, as Peirce 1ms shown, 
might account for its breaking up into many fragmonts. 

The other view is that a planet about the sizo of Mara lias broken 
to pieces, It is true, as has been often urged, that tills theory In ita 
original form, ns presented by Olbers, cannot be correct, No ainylo 
explosion of a planet could give rise to tho present assemblage of 
orbits, nor Is it possible that even the perturbations of Jupiter oould 
have converted a set of orbits originally all crossing nb ono point 
(the point of explosion) Into tho present tangle. Tho Hinallor orbits 
are so small that however turned about they lie wholly inaldo tho 
larger, and cannot be made to intersect thorn. If, however, wo 
admit a series of explosions, this diHleulty is removed; and if wo 
grant nu explosion at all, there seems to bo nothing improbable in 
the hypothesis that the fragments formed by tho bursting of the 
parent mass would carry away within themselves tho eamo forces and 
reactions which caused the original bursting ; so that they thomHolvcs 
would be likely enough to explode at some time in their later 
history. 

At present opiuion is divided between those two theories, 


G01. The number of these bodies already known is ao great, and tho 
prospect for the future is so indefinite, that astronomers arc at their wlIV 
end how to take caro of this numerous family. To compute tho orbit and 
ephemens of ono of these little rocks is more laborious (on aeoomifc of tho 
groat perturbations produced by Jupiter) than to do tho sumo for one of tho 
major planets; and to keep track of such n minute body by observation is 
ar mors difficult. Until recently, the German Jahrbuoh has boon publish- 

vl b,7 irr t ° snoli ns oame within tho rouge of observation ouch 
cannot be kept up much longer, and tho probability is that 

SrK, t ir * 7 * ^ M ^ voLk«i 
^ to u “ <»» 


intr.v mercurial planets and the zodiacal Liorri’. 

It is very probable, Indeed almost certain that tl,„™ 

■«*"«—«>»«»wiaS “^7™,;:"“°' oi 
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802, Motion of the Perihelion of Mercury’s Orbit, — Levorrior, 
in 1859, from a discussion of all tho observed transits of Mercury, 
found that the perihelion of its orbit has a movement of nearly 38" 
a century. This is more than can be accounted for by tho action of 
the known planets, and, so far as ftnoum, could bo explained only by 
the attraction of a planet, or ring of small planets, revolving inside 
this orbit nearly in its plane, with a mass about half as great ns that 
of Mercury itself. 

Wo say “so far <?,s Known,” because an alternative hypothesis has boon 
proposed, viz,, that the law of gravitation, though strictly true for bodies at 
rest is not absolutely so for bodies in motion / that when bodies are moving 
towards each other the attraction is less by a minute fraction than if they 
wore at rest, Tho hypothesis is known as the electro-dynamic theory of gravi¬ 
tation, but has at present very little to support it. If, however, it were true, 
thou tho peculiar motion of tho apsides of Mercury's orbit would bo a 
necessary consequence, 

t 

^Subsequent investigations by a number of mathematicians have 
fully confirmed Leverricr’s results; Mercury’s orbit is beyond cpics- 
lion affected as it would be if there were an intra-Memirial planet, 
or a number of them. 

803. Dr, Lesoarbault’s Observation j Vulcan, — A "certain country 
physician, living some eighty miles from Paris, Dr. Lescarbault, on the pub¬ 
lication of IjQYovrier’s result, announced that he had actually soon this planet 
crossing the sun uino months before, on tho 28th of March of that year, 
1851). lie was visited by Lovorrior, who became satisfied of tho genuineness 
of his observations, and tho doctor was duly congratulated and honored m 
tho discoverer of “ Vulcan," which name was assigned to tho supposed now. 
planet. An interesting account of tho matter may bo found in Chambers' 
"Descriptive Astronomy”; and in many of tho works puiblished from twenty 
to twenty-five years ago, as well us in some more recant ones, “Vulcan” is 
assigned a placo in the solar system, with a distance of about 13,000000 
miles and a period of 10 + days. Lescarbault described it as having an 
apparent diamotor of about 7", which would make it over 2500 miles in 
diameter, 


804. Nevertheless, it is nearly certain that Vulcan does not exist. 
There are various opinions which wo need not here discuss as to tho ex¬ 
planation of this pseudo-discovery, But tho planet, if veal, ought since 
1850 to have been visiblo on tho sun's face at certain dolinito times which 
Lovorrior calculated and published; and it has never been soon, though 
very carefully looked for, Small, round, dark objects have from time to 
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lime been indeed reported on tbo sun's disc, which in the opinion of thn 
observers nt the tune were not sun spots; but most of those observations 
wero made by amateur's with comparatively littlo oxihu-uuiug, with snmll 
telescopes, and with no measuring apparatus by whiuh they could certainly 
determine whether or not tho spot soon moved Jiku n. planet. In most of 
these eases photographs or simultaneous observations made elsewhere by 
astronomers of established reputation, and having nrtocjUHtn apparatus, have 
proved that the problematical “dots” ware really nothing but ordinary 
small sun spots, and the probability is that tho sanio explanation applies to 
the rest. 


805. Eclipse Observations.—A phmot largo enough to ho hooii 
distinctly on the euu by a 2^-incli tclescopo, auoli nit Lnmiurlmult 
used, would be a conspicuous objoofc at tho time of a solar unlljmu, 
and most careful search has been made for tho planet on such mam- 
sions ; but so far, although stars of tho third and fourth magnitude!*, 
and even of the fifth, havo boon clearly seen by tlm observers within 
a few degrees of tho eclipsed sun, no planot has been found. 


One apparent exception occurred in 1878. During tho nelhwo of Unit 
year, Professor Watson observed two starliko objects (of tho fourth initgni- 
tude), which lie thought at the time could not be idonliflod with any lmowii 
stars cons steely with Ids observations. Mr. Swift, also, at tin same eclipse, 
reported the observations of two bright points very near tho sun ; but those 
from his statement could not (both) have been identical with Watson’s slurs. 
Later invest,gahous of Dr. Peteis lmvo shown that tlm assumption of a 
W small «nd very likely error in Professor Watson’s olroLimlings 
(which were got In a very ingenious, but rather rough way, without tin. 
use o graduations) would enable Ids stars to be identified with 0 and t 
Cancri, a„d ,t is almost certain that these were th’c stars h« saw, 11 v 
Swift s observations remain unexplained With ii n n 

h»v. dl „„ r, 0 r,X”.i i "° T ' voui ' 1 

and would not be easilv visible « *i ^ 9 800,1 ^' om ^ ,l) oni’Hi* 

largo telescopee It wool n ti " 81,11 B dlau, except witli very 

mile, would f"f. , " 0l "T t """ « "f y 

or during a solar oolipse. P ° ° s0lmt on > olH.or at i. tnuif.lt 
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607. Zodiacal Light, —- r Hiis is a faint, soft beam of light that extends 
both 'ways from tlm sun along tlio ecliptic. In tho evening it is best seen 
in Kulmuivy, March, and April, because the portion of the ecliptic which 
tins oast ot the sun’s place is then most nearly perpendicular to the western 
horizon. During the autumnal months tho zodiacal light is best seen in 
flm morning eky for a similar reason. In our latitudes it can seldom be 
tracuscl nioro than 90° or 100° from the sun; but at high elevations within 
tlm tropics it is said to extend entirely across tho sky, forming a complete 
ring, and Ilium is said to bo in it at tho point exactly opposite to the sun a 
patch a fow degrees in diameter of slightly brighter luminosity, called the 
14 (Jngonsehom or 44 counter-glow,” 

Tho portions of thin object near tho sun are reasonably bright, and even 
conspicuous at tho proper seasons of tho year; but the more distant portions 
in tho neighborhood of tho “counter-glow” are so oxtremely faint that it is 
only possible to observe them at a distance from cities and large towns, in 
places whevro tho air is free from smoke, and where the darkness of the sky 
in nnt u(Tooted by tho general illumination due to gas and electric lights. 


« 


608. Tho cause of tho phenomenon is not certainly known, but at pres- 
fmtiHhu theory moat gen orally accepted attributes it to sunlight reflected by 
myriads of small meteoric bodies which are revolving around the sun nearly in 
I,lie pliuui of tho ecliptic, forming ft thin, flat sheet like one of Saturn’s rings, 
and extending far beyond the orbit of the oavlh. It may be that the denser 
portion of this motoorio ring within the orbit of Mercury is the cause of the 
motion of tlm perihelion of that planet which Levender detected; it is for 
thin ruuHon that wo deal with the subject here rather than in connection with 
motfloro. While this theory, however, is at present more generally accepted 
Limn imy other, it cannot bo said to be established. Some are disposed to 
consider tho zodiacal light as a more extension of the sun’s corona, whatever 


hut may be. 

008*. (Note to Art. 688.) The Canals of Mars -According to 
i,Zm oil (ami his observation* are at least partially confirmed by other*) 

: obaraelomtic feature ot the planet’s surface * ■ ■»"«*** 

Ivftiirhl narrow "canals" connecting the larger bodies of natei. These 
2 worn first aeon amt recognized in 1877. In 1881 they were seen agam 
n i a luvl tuna nearly ail of them double. If there m not some fallacy m 

to,“ito,,ito» «. t» u» «*»• °‘ >l.»f “I ‘“» 

"Slbu™.," h.™» i». r o.to.,t wd - • T1 » 

| S)S( . , m ,\ 1802 luwo placed tho existence of the so-called 

C»> sr-V- --«>•-*»•> ««■* 

1 1 .iv.■- not ...J -‘W»«toiT ot «» 
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CHAPTER XV. 

THE PLACETS CONTINUED. — THE MAJOR PLANETS: J UFIT1CH, 
SATURN, URANUS, AND NEPTUNE. 

JUPITER. 

609. While this planet is not 00 brilliant as Venus lit her best, 
it stands next to her in this respect, being on the average about 11 vo 
times brighter than Sirius, the brightest of tho llxed etui’s. Jupiter, 
moreover, being a "superior” plauet, is not confined, like Vomis, 
to the neighborhood of the suu, but at tho time of opposition is tho 
chier ornament of the midnight sky. 

610. Orbit.—The orbit presents no marked peculiarities* Tho 
mean distance of tho planet Horn tho sun is 488,00Q/)00 miles. Tho 
eccentricity of the orbit being nearly ^ (0,0482b) ; the greatest and 
least distances vary by about 21,000,000 miles each way, making 
the plauet’s greatest and least distances from tho sun 504,000000 
and 462,OOOjQOO miles respectively. Tho avorago distance of tho • 
planet from the earth at opposition is 800,000000, whllo at conjunc¬ 
tion it is 576,000000 miles. The minimum opposition distunco 1 h 
only 869,000000, which is obtained when tho opposition occurs about 
October 6, Jupiter being in perihelion when its holiocontrlo longi¬ 
tude is about 12°. At an aphelion opposition (In April) tho distance* 
is 42,000000 miles greater ; thatls, 411,000000. 

The relative brightness of Jupiter at au average conjunction unci 
at the nearest and most remote oppositions is rospocLlvoly ns tlio 
numbers 10, 27, and 18. The avorago brightness at opposition In,* 
therefore, more than double that at conjunctloiT; and at an Octobor 
opposition tho planet is fifty per oeut brighter than at an April one. 
The differences are considerable, but far lees important tlmn In tho 
case of Mars, Venue, and Mercury. 

The inclination of the orbit to tho ecliptic Is small, —only 1° 19 h 

811. Period. — Tho sidereal period is 11.86 years, and tho synodic 
is 899 days (a number easily remembered) > a littlo moro than a your 
and r month. The planet’s orbital velocity is about oiglit mllos a 
second. 
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(112. Dimensions. 77m planet’x apparent diameter varies from 
fill" nl ua October opposition (or ■!5,V' r at an April ono) to 32" at 
conjunction. Tim form, however, of the planet's disc is not truly 
l in iiltir, the polar diameter lining ivltoul ,'j- part lens than the equa¬ 
torial, ao (lint tint eye notices llut oval form at once. The equa¬ 
torial diameter in wilre is HH,g()D, Hie polar luting 83,000. Its mean* 

dhnm (or, therefore, is Hil,!i00,.almost eleven times that of the 

OUltll. 

This nmlios its siirfuee list limes, and its volume 1800 times, that 
of the earth. It is hy far tlm largest of the planets in the system; 
in fuel , whether we regard Us hulk or its muss, larger than all the vest 
put together. 


013. Mass, Density, oto.-~ Its num is very aocmratoly known, 
hoth l»y tlm motions of Us Hatellites, and the perturbations of the 
iis(«'i<iiiln. II is of the sun’s mass, or very nearly 81(5 times 
Unit of tlm s'tu lh, Comparing this with its volume, we find its density 
tt.21, less than tlm density of tlm earth, and almost precisely the 
hu urn as that, of the sun. Its mean hi tparjleial ynivily comes out 2.04 
linn's Hint of tlm riirllt; that is, a body on Jupiter would weigh 2| 
tiiui's us much us upon the surface of Urn earth ; hut on account of 
tlm rapid rotation of the planet and its elliptioity there is a very con- 
shloiithlc difference Imlwecu the force of gravity at the equator and 
lit Hm pole, amounting to l of tlm equatorial gravity. (On the earth 
dm dtllVrriiee is only tir) 


OH. Flrnnos and Alhodo. --Its orbit Is so much larger than that 
of Urn I'livLh dial, the plaimt shows tto sensible phases, even at quadra¬ 
ture, though at Hint titiMi tlm edge farthest from the sun shows a 

slight darkening. . . . ... 

‘1’lm retleellng power, or Aibnrlo, of the planets surface is very 
ugh,- 11.(52 aoeonUpg to //diner, that of white paper being only 
II 1H The cent re of the dlse of this planet (and the same is also 
Hue of Knlnm) is enimidernbly brighter than the limb —just the 
reverse, us will he remembered, from the condition of thmgs upon 
the moon, nml upon Mnrs, Venus, and Mercuty. 19 l lceu 
of U darkened limb, in which Jupiter resembles the sun, has &ng- 


1 The uii'iui iltiiniclcr of mi uhlatu spticvolil is not 


a + h 


Of the three 


of »y hi uictry which corn, st right angles at the planet’, centre, one is the 
n x|a „f ritiHilua, nml Imtli die Win** ■» equutovial. 
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gested the idea that it is to some extent MJf-lnmtnoud* TIi!H| limv- 
cvor, is not a necessary conscquonoo, hh n ncurly ImuNpai'niiC. iirtiimi- 
pliere overlying a uniformly rebooting mirfaoo would produce Hie 
same offect. 

Tlio liglit which the planet cmltH, If It omits any, miml; ho wry 
feeble ns compared with sunlight, Hinco.tho MiiUtllUt-K^ when tln\v mo 
eolipsed by entering the shadow, beoomo totally InvlniUIn. 

615. Axial Rotation* — Tho pluiutt rotalOH mi tin axis in tihnuf 
9 U 55 m . Tho time can be given only approximately* not Imrminr 
It is diflloult to find and obsorvo distinct mmlcliigH chi the plmiHV 
tlleo, but simply because dllTomit results are oblalneil In mi dilhi - 
out spots, according to their nature and their distance from I In* 
planet’s equator, Speaking generally, spots near the equator Indi¬ 
cate a shorter day than those In higher latitudes, and rei'laln huiiiII, 

sharply defined, bright, while spots, math as are often mi.. ^Ivo a 

quicker rotation than tho dark markings in Ilia same latitude. 

Tor inskinoo, a whlto spot observed inmr Urn equahir In I.HHfl for unwinl 
months gives U h 50^ 4 1 , while anulhnr one near laLltinln Her* gave H* 
C5 m ]2*. The gront red hjh>L Iiiim given values ranging from II* rift 1 ’ 1 

84«,0 (in 1870) to l) u »«'» 40-.7 (In —'lIhi Mi.. mini Inn in 

determined in email case, being certainly mmimde within halt a sei’mirl. 
The progressive incroaso has been regular and umtilNlulmhle. and U ii.it 
due to any.possible unoorlaiaty in Mia oliKurvul-luiiN. 

C10. The Axis of Rotation and tho Seasons. -Thu jilime f.r flm 
equator Is Inclined only 8° to tlmt of the orbit, ho (hat as Tar iih the 
sun la coueernod .Micro omi lie no houhoiih. The heat amt light, 
received from tho sun by Jupiter are, however, only ulmiii, ,^K mi 
intenso ns the solar radiation at Hie earth, Hh iIImIiuu-u Imlng* 
times as groat. 


817. Telesoopio Appearanoe, — Kvun In ii-hiiiuII lM)cHi<n,m fin 
planet Is a beautiful object. Wl.cn near uppimlthm ,i i.iti K nI Trln, 
power of only 40 mnkos Its apparent hIkm 041 ml to Him I. of ihi-’fnl 
moon (though, ns romnrkoil In winiuiutlnii with Vciiuh, no tmvivi 
would receive that impression), mid with a lohiHcopc of H or H» lni-]tr> 
npertura, and with a magnifying power of JUKI nr <|II0, the dim- | 
covered with au Influlto variety of beautiful and lui«n«llii K dH.db 

ttlmrf”’I^! h ft . UIMl ". th0 obaoi ‘ m ‘’ B «V« 111 ♦•'M'He.iMeneo ..f |t u 

reds prodomlimtt t0l> i 11,0 P, ° tmU * H rlul ‘ 1,1 ll * K "’ m«l 

piodomluatlug, in contrast with ulIvcgremiH mid « W hI,„,«| 
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puiplcn, I ml to bring out, the eoloi-, well and eloaily leqnues laige 
mHUmuonlB. For the most, part the mm lungs me annnged m stieaks 
moio oi Ions paiallol to the planet’s oqnatoi, as shown by Fig 178 
Wllh » '"“an telescope the mat lungs usually lcduce to two daik and 
uoinpiu ativcly well-defined belts, one on each side of the equntoi, 
occupying about the sumo legions of latitude that the tiade-wind 
/nm>H do upon the earth, and vciy likely in Jnpitei’s case annilai 
aerial cm units have something to do with the appeal ancc, though 
upon ,rupitci, as lias been aliendy said, the solai heat is a rompaia- 



Kia 178,~TolrB(,oplQ Ylows 0 / Jupltm 


lively luiiinpmUuiti factor The lmuMngs upon the planet aie almost, 
if not cmtuclj, ahrny dictum ns is pioved by the manner in which 
they change thoiv shapes and lolativc positions They are cloud 
Jntun* It is luudlv prolmblo that wo ovei sec anything upon the 
hoIhI mu face of the planet undevnoatli, nor is it even ceitain that 
{lie planet has anything solid about it In Fig 178, the upper 
lefUmnd Hgmo is fioin a (hawing by Tiouvelot made in Febiuni}, 
IK72 ; the second is by Vogel in J880 The small one below lepie- 
HontH the planet as soon in a small telescope, 

018. The Great Rod Spot —-While most of the maildugs on the 
planet 1110 evanescent, it is not so with all, There me some which 



nru til leant “ mib-pormnuont, M and eonlimm for yimm, not willmut 
oluingo indeed, luit with only alight olmugun. Tlio u great mil npnt ’ 
in tluuiiOHt remarkable umlauco ho far. H neenw to boen Ural, 

olmorvod by Prof. <!. W. l J riL<slioU of (Sliwpow, Minnotnl, in -Inly, 
1878, tiH u pale, pinkinh, oval Hpob nonm UI m in leiiglh by 8" in 
width (80,000 mlloH liy 7000). Within n few months it hud boon 
noticed by u contddurahlo number of other observers, tInni^it at tlret 
it did not attract any special attention, aincn no mm thought of it as 
likely to bo permanent. 'I'lw next year, however, it wan by far Urn 
moat conspicuous object on the planet. It was of a clear, strong 
brick-red color, with u length fully one-third the diameter of (bn 
planet and a width about one fourth of its length. 

For two or throe yearn it remained without much Hmiijsn? In Inu;» s:t 
it gradually faded out: in 1885 it laid Immune a pinkish oval 1 / 11 , 7 , thn 
central part being apparently occupied with a while cloud. In InhM it whh 
again a littlo stronger’In eolor, and the same in I 8 HV,* im object not dill! 


I 



a 1 

Fin. 170,— JupllopH if Rod From IjihwIhu* liy Mr. Jimmli*#, 1**1 H\, 


milt to hco with a large (eleseope, but the mmml glumt of what it wan in 
1880, The present year (1888) ito appearance is uhtmi Mm »;imc m in Ink’/, 
—perhaps a little paler, During Iho ten yearn ils form and nbm have vm led 
very Jt lien at the southern edge of tliuwmllium mpudmhd hell, in lull 
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tilde about it'") 0 , aucl Iul some leuson the boll seems to be “ notched out” foi 
ll, no tliilfj them bus lieni always a nauow white stioak sopaiatmg the holt 
fi mu the spot IDvon when the spot was palest and haul to see its place was 
always evident at once fioiu the indentation m the outline ot the belt 

Sueli phenmueiiu suggest abundant nniltei toi speculation which would 
lm out of plme liuic It must suflioo to say that no satisfaetoiy explanation 
ot (lm phenomena has yet been piesenled The unquestionable fact befoie 
mentioned (Ail (Ho), that the lime ol lolation of the spot lias changed by 
mom than lb m tlio ten yeais, gioally complicates the subject Fig 170, 
Horn the thawings ol Mi. Denning, lepiesents the nppoaiance ot the spot at 
foul diffouml dale’s, vi/ , 1, 1880 , Nov 19 ) -, 1882, Oct 80 , 3, 1881 , Feb 
(1, I, 1885 , Feb. 2.1 


619. Tomperature and Physioal Constitution —The lapichty of 
llio changes upon tho visible smi nee implies the expenchlme of a con- 
Hidmablo a mount of heat, and bince tho heat lecoivcd tiom the sun is 
loo small to account foi tho phenomena wlncli we see, Zollnei, thnty 
U uus ago, sug^obted that it must come fiom within tho planet, and 
llmt In nil piobahility Jupilci is at a tempeialuie not much shoit of 
11 iemulescolice, — haidlv yet soliclifiocl to any considerable extent 
Mr. Proctor hint gnen special omiency to those views among English 
loaders. Tho idea that Jupitei might bo such a “ semi-sun ” is not 
at all new. Ihilhm, Kant, Nasmjth, and Bond all euteitamed and 
dlHousHcd ill lnit it is only since the investigations of Zollnei that it 
Iuih become an accepted item of scientific bchef. (Sco Cleike s 
1 1 History of A hIi onomy,” p fillfi seqq ) 


620 Atmosphere, — As to the composition of the planet's atmos- 
phciu, the speolioacopo gives us rather surpitsmgly little mfoimation 
We get fiom llic planet a good sohu spectium with tho solar lines 
well ntmked, but Llieie aio no well defined absorption bands due to 
llio action of the planet’s almosphcie. Tlieio aie, liowevei, some 
Hlrnlum in tho lower tod poition of the spectrum that aie p.olmbl) 
thus caused 'Hie light, for the most pail, seems to come fiom the 
uppoi surface of tho planet’s envelope of clouds without having 
pc lie tinted to tiny depth p 1 " „ 

1 621. Satellite System.-Jupitei has ton satellites,-the first 
heavenly bodies ovci tourn ed - the (list revelation of Galileo s 
telescope Hi* earliest observation of them was on Jan 7, 1610, 
,, m i , n uvoiy few weeks ho had ascertained their tmo ohaiactm, and 
determined their periods with an accuracy nhicli is mnpusmg when 
wo consider hi* moans of observation The number of the heavenly 
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bodicR was now no longin' .sewn, and Ilia dlarnvin v ovrih'd imu>ng 
dmmhimm and Hchoolmon a great, deal oT angry iin rnlnlilv and 
Yltiipomtimi, (iidiloo called thorn “ llm Mediremi uliu'n." 

They uro now UKimlly known an Ihn Hint,, imcnnd, rle,, in Mm m*l« i i*f 
cIIhUiuio from the primary, hut; limy iiIhii have mumm wliirli m»< e-»mi • 
tlnum lined; viz., lo, Knropa, (laiiyim dc, ami Cullmin. 'Ha ir n ln 
tivo dintumiUH mngo between 2(12,<>()(» am] I,! i'di,iani inllm, ludii'; vnv 
approximately fi, II, 15, and 'J(> null I i>f tlm plunei. 'Tin* Mlanm ^ *d 
tho first from Mm mirfuen of Mm pi mm I. In alumni rxarllv ihr mmo m 
tlmt of our own moon from Urn kuiTuco of Mm enrlh. Their d>Knnil 
period** range between I 1 ’ |H.\ h mid lIV 1 \i*\ u (iicriiiuto valium in 
distance*! and peri»dn urn given In llm Inblo In llm Appendix). Tin* 
orbits arc almost eximtly olrmilur, and lie in tlm phiim of 1 Hi* plumd'a 
equator, 

Tho satellites slightly disturb nmh nUicr's mournm, and liimt Mum- 
dlBtiudunums Lhmr masses mm he nseerluincd In m-iih n| Mo* |dnm f' • ?»m j , 

Th« third, widish is imioh Mm lurgcsl, him n mic:* el id.f id t|m 

planet’s, u little more limn double llm niiivi of our nmi iinmii, 'l |,e in.r :. 

of tho first Hul.nl I it n appears In be a Um ]n Irw* Minn J, u> .. b, Tb** •; < o^d 

is ho mow lmfc larger Hum Mm llrsl, and llm I'nurlli U ebimi butt in nvll»< 

third; i\c., it Ims about Llm mass of mir nwn .i, Tin? iH uoNPb ->i <b. 

first and fourth appear in ho iml. vary dlllniniit, fnan llml nf Hi" phn ,-lt, 
while tlm densities of Um mimind and llihd mn mnndd>*ialdv iU i 


022, Relation botwoon Moan Motion* and Iiongdludex of ihn 
flatellitoB. — In (smisnqumam id llndr nmlnul bib metimi a huIhh» ,.d ,m 
( discovered by La Uhuio) exists between tlm iimnu iiiidhiim uf lb” p,*! 
RatoUites, Tlm menn motion Is of course Win" divided |, v V \ V fH*, 

natal It fo's pnrind), FI; npponrs thiit llm menu .. Mm lii.xf ph, ; i\n- 

tho mean motion of Llm third equals I hum limmi tliul i»f llm ..i M | ( u» 


/V similar relation holds for their hiiigihnles; 


5, I a Aj ; 1 A, I IW; 

so that limy oftimot all tlinm * 4 „ ( 

att^ loT'’ 1 n n ! ftU |" M “ V " .... .. 

attra^tlouH. miahj i„ Uin l<m K run, lln„i K || IW, nn . h || K M 

pwh.cml hy tho fom-U, HuInlUto ^'hl ( ,|, cIImIiuI, llm . .. „H K l,n v 

short porlode. Dio fouvtli aalflllllo .Iohh not ooioo Into tmv 
menti " 
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823. Diameteis, oto —Tho diamotoi oi tho lnsb satellito is a little 
moio than 1U0 miles; the second is almost exactly the si/o of oui own 
moon, t e , between 2100 and 2200 miles, mul the thn d and fom tli li.ivo dimn 
oteis, lospeotivoly, of *1000 and 11000 miles, tho thud, Ganymede, boing lmicli 
laigoi Limn oilhoi of Ins sistcis V/hon Jupilei is in opposition, llio fouitli 
satellite is sometimes neaily 10 \* away fioni the pUnol, m \ of tho moon’s 
diamotei, and in veiy cleat an can bo soon by a sharp oyo without telescopic 
aid Tho thud, though much laigei, novoi goes ntoio than O' fiom tho 
planet, and it is peihaps doubtful whethei it is evot seen with llio naked cyo, 
unless when tho fom tli happens to bo dose besulo it A good opoia glass 
will easily show them all as mmuto points of light 

624 Brightness -— bmeo llio sunlight of Jupitei is only* -jV As in¬ 
tense ns oms, tho moonlight mudo by tho satellites is decidedly mfonoi to 
our own, although thou lefloctivo powoi appeals to bo lnghoi tlmti that of 
the liuuu smfaoo, They diftoi among thomsolves consuloiably m tins 
lospocl The fotutli satellite is of an especially dark complexion, so that 
it often looks poiieetly black when it passes bolwcou us and tho planet, and 
is ptojeclod on tho disc The othois, undoi simihu cncumslancos, show 
light oi dm Jv ttcemdiug as they have a daik oi light pm lion of llio planet 
foi abackgiouiul, Even ilmfouith, wlien ciossmg the disc, is always seen 
lmght whilo veiy lioai tho planet’s limb 

625 Markings upon the Satellites, — Tho satellites show fcansiblo 
discs when viawod with a laigo telescope, and all of thorn hut tho Second 
sometimes show dailc nuukings upon the suiface. Those imulanga, howcvoi, 
mo only visible uudei tho most favouiblo oneumstmicos, and it lias not been 
possiblo to dotmmino whollun they me atmosphonc oi icudly googiaphicnl, nor 
has it yet been possible to deduce fiom them the satellites 1 pel iod» of lotaUon, 

626, Variability, — Galileo nolired vauationa in tho bnghlness ol the 
SiitollUes at dilloient times, and subsequent obsoneis have conilimed Ins 
losult. In the caso of tho fom ill satellite tlicto seams to be w loguliu 
vauatiou depondmg upon tho place of tho satollilo in its oibil, and suggest- 
mg Dial in its axial lotation it behaves bko oui own moon, keeping always 
tho sumo side next its pi mini y In addition it shows olhoi h tegular changes 
m its luminosity* so also do the other satellites ucc nuling lo neaily all 
aufchoiitios, tliough it is singulni that one or two of tho best obseivcis do not 
dud any such inegulauty indicated by thou instiunionlul 1 pholomoluo 
observations, 

/(A 627. Eclipses ancl Transits. — Tho b ate Ildus’ orbits tuo so nearly 

in the piano of the pluncl’n oibil that, excepting tho Jfonrlh, they all 
puss tlnough tho shadow of tho planet, and sufFei oulipso at cveiy 


1 Ciuke’H M History of Aalionoiuy/’ p 1389, 
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revolution- Al conjunction, »lm„ Umy cunt Ih.-ir > 

planet, nud these shadow «un eiwily bu hwii m ' I ” 

black dots on the planet’s dim', tlui Miitellileu Uii-iiihi- ‘ ' ‘ 

the disc about tlio sunns tiims b«ii»K >nurh mmv ilillkii 

Tho fourth satellite escapes when l»» 144111 1 " ’ 

of its 01-bit. Thus, during tWW mid in Mm Hi«l \nM 1 M '"“ 

aro no odipscB of CalliBto at all. 

Exactly at opposition or cniijimHi.iil I he phm-lV. li->. 

straight behind it out of our Might, ho flint wo <-n. «' H,< " h,,h 



observe the eclipses of Urn HiiCulllUw, hut only \\wiv {1 * r»* r 

the disc. Before and aftm 1 thesis Limns, limvnvn 1 , llm nl* r nh.vi 1U» 
one aide of the planob. 

When the planet in nfc (juudmliim and (lm nm«litbin ».f 
is as represented in Fig. 1H0 (which is drawn In hmIi')* lln»< 
projects so far to ono Hide of tho plimnt LluiL l In* w1im|h * t >,f 
all tho satellitesj except the first, tnkirn place Hear n t ihr p|>ui»f t 
disc, both the di nappe animus and rcuppcunimo nf 111 . 
being visible. 

838. u Equation of light.”-Tho m<ml Impi.iUo.l » n( . tin,. 
been made of theso oollpncH Uiir boon to um'nrliiln thr f r , ,.„&«> •! 
by light In traversing tho distance between uh und tin, i|„. 
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called 11 equation of light ” 11 was m lG7o that lioemei, the Danish 

astionomei (the invcntoi of the tiansit mstiumont, mondian circle) 
and pnme ^ ertieal instillment,—a man nenily a oenlmy m advance of 
his day), found that the eclipses of the satellites showed a peculiar 
variation in theii tunes of oceuuencO) which lie explained us duo to 
the time taken by light to puss tlnough space Ills bold and original 
suggestion was i ejected by most astionomei s foL moie than fifty 
yoais,— until long utter his death,—-when Bradley*# discovciy of 
aberration (Ait 225) pi o veil the eoucetness of his vie us 

820 If the planet and earth remained at an invariable distance 
the eclipses of the satellites would loouv with unvarying lcgulmity 
(then dibtmbances being veiy slight), and the moan mUnval could 
bo deter mined* and the times tabulated But if we thus predict tho 
times of eclipses for a synodic penod of tho planet, then, begin¬ 
ning at the time of opposition, 
it rail lio found that ns the 
planet icecdcs from the earth, 
tho eclipses fall constantly moie 
and moie behindhand, and by 
precisely tho same amount for 
all fom of tho satellites The 
difference between the tabulated 
and observed tlmo continues to 
increase until tho planet is near 
coniunotion, when the eclipses 
uio more than sixteen minutes 
late, 

Fiom tho influfiloiont obseiva- 
tionB at Ins command, ltoomei 
mnde tho difPoionco twenty-two 
minutes* 

After the conjunction, the eclipses quicken their pace and oxuotl} 
make up all tho loss; so that when opposition is reached onco moie, 
thoy tiro again on time * 

It is easy to see fiorn I r lg 181 that at opposition the planet is 
nearer the earth than at conjunction by just twice tho ladlus of tire 
earth’s orbit; JA ~2 The whole apparentretaielation 

of tho eclipses between opposition and conjunction, should therefore 
be exactly twieo the time required fo^light to como from the buu to 
the caith This time is very neaily 500 seconds, or 8 m 20k 
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called u equation of light” It was in 1675 that Roomer,. tlio Danish 
astronomer (the Inventor of the transit instrument, meridian olrolo, 
and prime vertical instrument,—a man nearly a century in advance of 
his day), found that tho eclipses of the satellites allowed a peculiar 
variation in their timcB of occurrence, which lio explained us duo to 
tho timo taken by light to pass through space. Ills bold and original 
suggestion was rejooted by most astronomers for more than fifty 
years, — until long after Ids death, — when Bradley's discovery of 
aberration (Art. 225) proved the correctness of his views. 

029. If the planet and earth remained at an hivavlabio distance 
tho eclipses of tlio satellites would recur with unvarying regularity 
(their disturbances bolng vory slight), and tho moan intorvul could 
be determined, and the times tabulated. Bub if wo thus prcdlot the 
times of eclipses for a synodic porlod of tho planet, thou, begin¬ 
ning at tho timo of opposition, 
it will bo found that as the 
planet recedes from tlio earth, 
tho eclipses fall constantly more 
and movo behindhand, and by 
precisely tlio same amount for 
all four of the satellites. Tlio 
difference between tlio tabulated 
and observed timo continues to 
Increase until the planet Is near 
conjunction, when the eclipses 
mo moro than sixteen minutes 
late. 

From tho insufficient observa¬ 
tions at Ids aonmutmlp Boomer 
made tho difference twenty-two 
minutes. 

After tho conjunction, tho eclipses quicken their pace and oxnctly 
make up all the loss , so that when opposition is roaelicd once more, 
they uro again on time, „ 

It is easy to see from Fig, lftl that at opposition the planet is 
nearer tho earth than at con junction by just twice the radius of the 
earth's orbit; f.e M Jl3 — JA=*% SA. The whole apparent retardation 
of tho eclipses between opposition and conjunction, nliould tliorofore 
be exactly twice tho time required fo^light to come from tho sun to 
the earth. Tills time is very nearly 600 socondB, or 8 m 20\ 
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known the earth's distance from the sun, the velocity of light 
follows when we know the time occupied by light in coming from 
the sun. At present, however, the ease is reversed : wo can deter¬ 
mine the velocity of light by two independent experimental methods, 
and with a surprising degree of accuracy; and then* knowing the 
velocity and the light-equation, we can deduce the distance of the sun. 

SATURN. 

632. The Orbit and Period.—Saturn is the remotest of the 
ancient planets, its mean distance from the sun being 9.54 astro¬ 
nomical units, or 880,000000 miles. This distance varies by nearly 
50,000000 miles on account of the eccenirmly of its orbit (0.056), 
which is a little greater than that of Jupiter, 

Its nearest approach to the earth at a December opposition (the 
longitude of its perihelion being 90° 4') is 744 millions of miles, and 
its greatest distance at a May conjunction is 1028 millions. It 
is so far from the sun that these changes of distance do not m 
greatly affect its apparent brightness, ns in the caso of the nearer 
planets, the whole range of variation from this cause being less than 
two to ono; that is, at the nearest of all oppositions* fcho planet ia 
not twice ns bright as at the remotest of all conjunctions, The 
changing phases of the rings make quite as great a difference as the 
variations of distance, 

The orbit is inclined to the o el ip tic about 2J-°. 

The sidereal period of the planet is twenty-nine and one-luilf years> 
the synodic period being 378 days. 

The planet itself is unique among Lho heavenly bodies. The great 
belted globe carries with it a retinue of eight satellites, and is sur¬ 
rounded by a system of rings unlike anything else in the univorso 
so far as known, the whole constituting the most beautiful and most 
interesting of all telescopic objects. 

633, Diameter, Volume, and Surface. —The apparent mean diam¬ 
eter of the planet varies from 20" to 14" according to the distance. 
We say mean diameter because tills planet is more Hattoned at the 
polo than any other, its clliptiolty being nearly ten per cent, 
though different observers vary somewhat in their results. The 
equatorial diameter of the planet is about 75,000 miles, and its polar 
about 08,000, the moan being very nearly 78,000, or a littlo move 
than nine timos that of the earth. ’Its surface is therefore about 
eighty-two times, and its volume 760 times that of the earth. 
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034. Mass, Density, and Gravity. — Ita ?na«i in only »(hiay-Hvii 
times the c nr Lh's mass, from which follows tlio romarlmblo fiU'.C rhnl 
the density of Saturn is only one-eighth that of the. earthy or tmhf 
about five-sevenths that of water. It is by far tho loust doimu of nil 
the planets. The superficial gravity is 1.2. 

030. Axial Rotation. — It revolves upon its axis in uhmil 10 h I I" 
according to a determination of Professor llall, nmile Kn IH7I1 liy 
means of a white spot which suddenly appeared upon Us huiThoo,. 
and continued visible for some weeks. Although tlio aurfiuw of Mu*- 
planet is beautifully marked with belts which often show dolk'iilo 
rose-colored tints, it is seldom tlmt any woll-tldlnod limrldngH proHout 
themselves by which the rotation can ho determined. 

The inclination of the axis is about 28°. 


830. Surface, Albedo, and Spectrum, —As in tlio cmho of .Inptlcr, 
the edges of the disc are not quite so brilliant as Urn will ml ,,oi- 
tions, so that the belts appear to fado out ncur tlio limb. Timm* 
holts arc less distinct and less variable tlmn those of .lujiiU r ; ami 
are arranged ns shown in Fig. 182, with a very brilliant ».»» at 
the equator, though the engraving much oxaggomtiw tlio ,mi,trust. 
Hie planet's pole is marked by a darkish cap of greenish hue. 

According to Milner, the Albedo , or voftontlng power of (he Hnrfnre 
, °'f''fi nx0Bt P reciael y the same as that of Voiuih, but a IlLtlc far,.. 
rior to that of Jupiter. The spectrum of tlio planet is tlm solar 
hum without any evidence of the presence of wator-vapor, ho far „« 
au bo made out, but with certain unexplained dark IuiikIh hi |j„. m | 
and orange sumlar to those observed iu the spectrum of Jupiter. T , 

centric rings like circular dlqe amic,l »i(lod by Uirca, tliln, (hit, i-oii- 
!■ dmkjr nud comiim-atlvely dlffloult to’**. OI '° 1 " ‘to .. 

"™' *» % w. o*s? rr 11 ' 

nor one. ’ ' Rlul ^ boiiig tlm ext,,. 

For nearly fifty yoara thl8 appeudacm of « . 

enigma to astronomers. Galileo i„ tain ? WHH 11 co,u l»lia« 

°* in 1810, saw with |,l« H LtU) 
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scope that the planet appeared to have something attached to it on 
each side, and He announced the discovery that “ the outermost 
phinet is triple,” — “ultimam planetam tergemmam obseivavi,” 



Fio« 182i — Saturn nnd bis Rings. 

Not long afterwards the rings were odgewise to the earth so that they 
became invisible to him s and in his perplexity he inquired “ whether 
Saturn lmd devoured his children, according to the legend. Huy- 
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glieus, in 1655, wns the first to solvo the problem and explain the true 
structure of the rings. Cassini, 1 twenty yours lutor, discovered Unit 
the ring was double, —composed of two conoontrlc portions with a 
narrow black rift of division between thorn. 

The third, or dusky ring, C, is an Amcrlonn discovery, and wns 
first brought to light by W. C. Bond at Cambridge, U. 8., in Novniu- 
ber, 1850, About two weeks later, but before tlio nows Imd boon 
published in England, It was also discovered independently by 
Dawes. 

For a while there was some question whether it wrts not really ft now 
formation; but an examination of old drawings shows tlmt HtWHcliol mid 
several other astronomers had previously soon it whore it crosses the plftiiot, 
although without recognizing its character. 

038. Dimensions of the Rings. —Tlio on tor ring, A, has nn oxtorlor 
diameter of 108,000 miles, and is a littlo pioro than 10,000 niilos wide. Tim 
division between it and ring, B, is about 1000 miles in width, and apparently 
perfectly uniform all around. Ring B is about 10,500 mlloa wide, and is 
much brighter than A> especially ah its outer edge. At tlio inner edge it 
becomes less brilliant, and is joined without any sharp lino of demarouLltju 
by ring C, which is sometimos known as tlio "gauze 11 or “ cvupo ” ring, 
because it is only feebly luminous and is soini-tvausparont, allowing Lilts 
edge of the planet to be seen through it. Tho innermost ring is nearly, per¬ 
haps not quite, as wide as the outer one, A. Thorn la thus loft u ulnar Hpuce 
of from 0000 to 10,000 miles in width between tho planet's equator niul tins 
inner edge of the gauze ring, the whole ring system having an external 
diameter of 108,000 miles, and a width of between 0(1,000 and 37,000. 

The thicknesB of the rings is very small indeed, probably not ex¬ 
ceeding 100 miles. If we were to construct a model of thorn on the 
scale of 10,000 miles to the inch, so that tho outor one would bo ncurly 
seventeen inches in diameter, the thickness of an ordinary sheet, of 
writing paper would be about in due proportion. This oxtromc tiiln- 
ness is proved by the appearances presented when the piano of the 
ring is direoted towards the earth, as it Is once in every fifteen yocu^ 

1 Tn consequence of a misunderstanding of somo expressions need by Hull, nil 
English astronomer who observed Saturn in 1005-00, tho dlscovory of the dl vision 
between tlio rings was for a time attributed to him, and statements to that effect 
will he found in a number of important books, The original drawings belonging 
to hi» paper In the Philosophical Transactions have, however, recently boon 
found, and show that he did not see the division at all, nor, indood, even umlor 
stand that the appendage wns a ring. 
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At Unit lime tbe ring becomes invisible except to the most powerful 
uiitmo.opcH. 


' ■ PliaB6B of t,le Rings- — The rings are parallel to the equator 
ol Umi pianofc t wiiicli is inclined about 27° to its orbit, and about. 28° 
to the plane of the ecliptic, the two nodes of the ring being in longi¬ 
tude l(>(i n nnrt 346°, in t!\o constellations of Aquarius and Leo. Now 
in llio phiiKit’n revolution around the sun. the plane of the planet’s 
eipmlor tmcl of the rings always keeps parallel to itself (as shown 
tin Fig. IK.'I), just as does tho plane of the earth’s equator. Twice, 
therefore, in tho planet’s revolution, when the plane of the ring 



pnflflflR through tho earth, wc see it edgewise; and twice at its maxi¬ 
mum width, when it is at the points half-way between the nodes. The 
tingle of inulhmtion being 28°, the apparent width of the ring at tho 
maximum i* just about half its length* Tho last disappearance of 
Llui lingH \\i\h in February, 1878 j the next will be in the autumn of 
1801. Nuur the time of disappearance the ring appears simply as 
n thin noodle of light projecting on each side of the planet to a 
dintamio nearly equal to its diameter. Upon this the satellites are 
threaded like heads when they pass between us and the planet. 

040, Irregularities of Surface and Structure.—When the rings 
tiro edgewise w6 lind that there arc notable irregularities upon them. 
They are not truly plane, nor quite of even thickness throughout. 

The sumo thing is indicated by certain peculiarities sometimes reported 
in the form of tho shadow cast by tho planet on the rings \ hut caution must 
bo used \w accepting and interpreting such observations) because illusions 
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are very apt to occur from the least indistinctness of vision or fooblonoss of 
light. The writer has usually found that the hotter ilio Honing, the fewer 
abnormal appearances were noted, and Oho exporionco of the Washington 
observers is the same. 

It can hardly be doubted that tlio details of the rings are continu¬ 
ally changing to some extent. Thus tlio outer ring, A , is occitsion- 
ally divided into two by a very narrow blaok line known hh “ Unekc’if 1 
division,” although more usually there is merely n darkish strcalc 
upon it, i\ot amounting to a real “ crack” in tlio surface. 

041. Structure of the Rings. — It is now universally Admitted 
that the rings are not continuous shoots of .cither solid or liquid 
matter, hut are composed of a swarm of soparato particles, c'ncli a 
little independent moon pursuing its own path around tlm planet. 
The idea was suggested long ago, by ,1. Cassini in 1716, and by 
Wright in 1750, hut was lost sight of until Bond rovlvod It in con¬ 
nection with his discovery of tlio dusky ring. Professor Benjamin 
l’eirco soon afterwards demonstrated that the rings could not bo con¬ 
tinuous solids; and Clerk Maxwell finally showed that they can bo 
neither solid nor liquid sheets, but that all the known conditions would 
be answered by supposing them to consist of a (look of Bopurute and 
independent bodies, moving in orbits nearly circular and In one 
plane, —in fact, a swarm of meteors. 


042. Stability of the Ring—if the ring, wore solid it would oor- 
tamly not be stable, and the least disturbance would bring It down' upon 
the planet; nor is it certain that even tlm swarm-like struoturo makes it 
forever sem.ro. It is impossible to say positively that tlm rings may not 
after a time be broken up. A few years ago tlmro was much interest in u 
speculation which Struve published in 1851, All the measures which lm 
could obtain up to that date appeared to show that a chnngo wn« actually 
n progress, and that the inner edge of the ring was extending itself towards 
tlm planet. His latest series of measurements (In 1885) does not, however, 
confirm this theory They show no considerable change since 18150, and tlm 
measurements of other observers agree with his In this rospoct, 

The researches of Professor Kirkwood of Indiana make It probable that 

Hte, ST ™ ! to tho I wl turbationa Produced by tlm satol- 

JJf ^ l r / £* Ur a d ' 8tance9 from fch « where the period of a small 

n“L“zs i z l 1,i, 1 i !r r** ° f ,»»-« | *°> 

distribution of the ..toroid,, at point, „1„!, ZpLdrf «“ .tooMwoS'la 
he commensurable with that of Jnpiter. ftBtovold would 
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043. Satellites, — Saturn 1ms eight 1 of these attendants. The 
liirgwt of them was discovered by Huyglions in 1655, It appears as 
a star r>f tho ninth magnitude, and is easily observable with a three- .... 
iiwh teleHcopo. Four others wore discovered by Cassini before 
1700, two by Sir William I-Icrseliol near the end of the last century, - 
mid one, Hyperion, the latest addition to the planet's family, by 
Bond of Cambridge, in September, 1848, and independently by Las- 
huU at Mvovpool two days later, 

Thu range of tho system is enormous, Iapotus has a distance of 
2,225000 miles, with a period of 70 days, nearly as long as that of 
Mercury, There is a remarkable variation in the brightness of this 
mituUUe. On the western side of the planet it is fully twice ns bright 
uh upon tho eastern, which practically demonstrates that, like our own 
moon, it keeps the same face towards the planet at all times, one-half 
of its Biivfjveo being much more brilliant titan the other, 

Mimas* the nearest and smallest of the satellites, coasts around the 
edge of tho ring at a distance from it of only 34,000 miles, or 
118,000 from the planet's centre, having a period of only hours. 
Thin satellite is so small and so near the planet that it can be seen 
only by very large telescopes and under favorable conditions. 

Titan, m its name suggests, is by far the largest of the family. 
Us distance is about 770,000 miles, and its period a little less than 
MS days. It is probably 3000 or 4000 miles in diameter, and accord¬ 
ing to Stone, Its mass is Saturn's. // 


044. Peculiar Behavior of Hyperion. — Hyperion has a distance 
of miles, and a period of 21} days. Under the action of Titan its 

firhit is vomlured considerably eccentric, and Us line of apsides always keeps 
it naif in Ike line of conjunction with Titan , retrograding in a way which 
at Uvst ficoimul to defy theoretical explanation, but turns out to .be only 
n « now guho in celestial mechanics,” and a necessary result of the disturb¬ 


ance by Titan. _ , , , . „ 

'Phe orbit of Japotus is inclined about 10° to tho plane of the rings, but a 


i Until tlerscliol’s ttmo it was customary to distinguish tho eatellites as flwt, 
etc., in order of distance from the planets betas Herschel , new satellites 
wore within tho orbits of those which were known before, their discovery con- 
fused matters, and the confusion became worse confounded when the_ eighth 
appeared. They arc now usually designated by names ass^ed by S.rMm 
Ilerseliel ns follows, beginning with tho most remote, namelyt «P “ H 
rlon), Titan j Rhea, JMono, Tcthye; Enecladus, Mimas. It will be n0 ' c ' c1 ^ 
these names, leaving out Hyperion, which was undiscovered when y 
assigned, form a line and a half of a regular Latin pentameter, 
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the other satellites move exaotly in tlioii 1 piano, and all the flvo inner ouch 
jnove in orbits sensibly oirouhu’. The orbits of lapclus, Hyperion» and Titiui 
have a slight eccentricity. It is not at all impossible or even improbable 
that other minute satellites may yet be discovered in tlio grout gup between 
Titan and Tapetus. 


UH ANTIS. 

045. As the satellites of Jupiter wore the first hcavonly bodies 
to be “discovered,” so Uranua waa tho first “discovered" planet, 
all the other planets then known having boon known from prehistoric 
antiquity, Ou March 13, 1781, the older ITorHahel, in sweeping 
over the lieaveus systematically with a seven-inch rolleotor nmdc 
by himself, came upon an object which, by its disc, be saw at once 
was not an ordinary star. In frday or two ho had ascertained that 
it moved, and announced tho discovery as that of n comtU* After 
a short time, however, it beenmo obvious from tho coinpiiliiLlmiH 
of Lexoll, that its orbit was nearly circular, that its diHLnnco wiih 
enormous, and that its patli did not at all resemble that ordinarily 
taken by a comet; and within a year Us planetary character wiih 
recognized and it was formally admitted an a new 1110111 ) 101 * of the 
solar system. The name of t/Wuw*, suggested by Iloilo, dually pre¬ 
vailed over other appellations (HorBChcl hiniHulf called lb tho (leorgluni 
Sidus, in honor of the king), with the symbol # or &. The former in 
still generally U9cd by English astronomers. 

Tim discovery of a new planot, a tiling then utterly unprecedented, e turned 
great excitement. Tho king knighted Iforaehol, guru him a pension, and 
furnished him with the funds for constructing Ids grant fnriy-fnnb rulleotnr 
of four feet aperture, with which lie afterwards dbwovimuUho two inner 
satellites 0 f Saturn. It was found on rookoning buck from the date <d 
Herschelg discovery that tho planeb had been several times hnforo observed 
os a star by astronomer who narrowly missed Hie honor which full U> the 
more fortunate mid diligent Ilorsohel. Twelve such observation* hud l„, un 
made by Lemonnier alone. 


646. Orbit. — Tho mean-distance of Uranus from tho Him Ih V i*i 
nearly 1800 millions of miles, and tho eccentricity u trlllo loss thu 
that of Jupiter’s orbit, amounting to about 88,000000. Tim inclim 
fton of the orbit to the piano of tho oollptio is very Blight, only 4(1 
The planet’s periodic time Is 84 years, am] the si/noclin period ff m i 

opposition to opposition) 3G0‘ 8\ Tho orbital-velocity is 4i mih 
per second. J 
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64V. Appearance and Magnitude. -—Uranus is distinctly visible to 
the naked eye on a dark night ns a small star of the so-called sixth 
magnitude. It is so romoto, its orbit having a diameter more than 
11) times that of the earth's, that there is very little change in its 
appearance, and it makes no practical difference whether it is at 
opposition or quadrature. 

In the telescope it shows a sea-green disc of about 4 ,r in apparent 
diameter, corresponding to a real diameter of 32,000 miles. Its sur¬ 
face is about 16 limes, and its volume about 66 times greater than 
that of tho oavth, so that the earth compares in size with Uranus 
about ns tlie moon does with tho earth. The -mass of Uranus is 14.6 
times that of tho earth, and its density and surface-gravity are respec¬ 
tively 0.22 and 0.00. 

f 

648. Albedo and Light.—The reflecting power of the planet’s 
Hiirfaco is very high, its albedo ^ according to Zdliner, being 0.64, even 
exceeding that of Jupiter. It is to be remembered, however, that 
sunlight ah Uranus is only as intense as at the earth, and only 
about ^4 aa intense as at Jupiter; so that the disc of the planet does 
not appear In the telescope even nearly as bright as a piece of Jupiter’s 
disc of the same appaicnt size. Tho greenish blue tint of the planet 
is accounted for by tho fact that its spectrum shows certain conspicu¬ 
ous dark bunds in its lower portion, bands perhaps identical with 
those whioh are visible in the spectrum of Saturn, but much more 
intense. Tho Fllno is also specially prominent in the spectrum of 
Uranus, These facts probably indicate a dense atmosphere. 

640. Polar Compression, Belts, and Rotation, — The disc of the 
planet shows a decided olllpticity — about according to the Prince¬ 
ton observations of 1883, which agree nearly with those of Schiapa¬ 
relli. There are also sometimes visible upon the planet’s disc 
certain extremely faint bands or belts, much like the belts of Jupiter 
viewed with a very small telescope. What is exceedingly singular, 
however, is that the trend of these belts seems to indicate a plane 
of rotation not coinciding v)Uh the plane of the satellites* orbits , 
Nearly all tho observers who have seen them at all find that they are 
inclined to the satellites' orbit-plane at an angle of from 15° to 40 , 
Now unless there is some error in Tisserand's investigations upon the 
motions of satellites, it is certain that the plane of these orbits must 
of necessity nearly coincide with the planet's equator. Probably the 
error lies in judging tho direction of the bolts, which at the best are 
at the very limit of visibility. 
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One or two observers have assigned to the planet rotation periods 
ranging from 9 h to 12 h ; but It cannot be said that any determination 
of this element yet made is to bo trusted, 

060, Satellites. — The planet 1ms four ButelliteB J viz., A rial, 
Umbrial, Titania, and Oberou; Ariel being the nearest to tho planet. 
The two brightest of them, Obcron and Titania, woro diseoveied b\ 
Sir William Hersohel a fow years after the discovery of tho planet. 
He observed them sufficiently to obtain a reasonably eorroet determi¬ 
nation of their distances and periods. 

It is not certain that ho saw oifchov of tlio other two, though ho thought ho 
had found six satellites in all, and a fow youvfl ago a popular writer oh 
astronomy actually credited tho planot with eight satellites,— tho four 
whose names have been given, an<? four others which ITornohol supposed lie 
had seen. 

Ariel and Umbriel wero first certainly discovered by Lnssoll 111 1851, and 
have since been satisfactorily observed by numerous largo telescopes, They 
are telescopically, the smallest bodies in the solar system, mid tho most 
difficult to see. In veal size, they arc, of courso, nmoh larger than tho sal el¬ 
utes of Mars or many of the astorokls, yory likely measuring from 20(1 (u 
600 miles in diameter; hat they are ton times as far away as thn ustcroidH, 
and illuminated by a sunlight not as brilliant aa tlloirs. 

861. Satellite Orbits. — The orbits of tho salcllitos am sensibly uireu- 
lar, and all lie in one plane* which, as has boon said, ought to l>o, mid prob¬ 
ably is, coincident with the piano of tho planet's equator, '.limy are very 
closepacked also, Oboron having a distance of only 075,000 miles, with A 
period of 18 4 ll h , whilo Ariel has a period of 2 J 12*, at a distance of 120,000 
miles. Titania, the largest and brightest of thorn, has a distance of 280,000 
miles, somewhat greater than that of the moon from Urn earth, with a iHirlod 
of S d 17 b . Under favorable circumstances this satellite cun bo just scon with 
a telescope of eight or nine inches nporturo. 

862. Plane of Revolution.—Tho most remarkable thing about 
this satellite system remains to bo mentioned. The jrfuim of their 
orbits is inclined 82°.2 to tho piano of tho ecliptic, and In that plane 
they revolve backwards; or we may Bay, what comea to tho name 
thing, that their orbits are inclined to the ocliptio at nil angle of 
07°,8, In which case their revolution is to bo considered an direct. 

When the line of nodes of their orbit piano posses through Lhn earth, 
as it did in 1840 and 1882, tho orbits aro soon edgowiso and appear ns 
straight lines, On the other hand, in 1801, they woro scon almost in plan 
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as heady poifcofc cuclcs, and will be seen so again m 1003, The yeai 1882-83 
"ns a specially fiivoiiiblti tune for dctoimining the inolmation of the mbits 
and ihu position of the nodes, ns well as foi measuring the polai compies 
Hum of tlio planet 
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663 The discover of this planet is justly reckoned ns the 
gmitent triumph of mathematical astronomy Uranus failed to move 
preewely in the path which the computers piedicted foi it, and was 
misguided by aome unknown influence to an extent winch a keen 
eye might almost seo without telescopic aid The diffeience between 
Uh observed place and that pi escribed lor it had become in 1845 
neatly as much as the “ intoloi able ” quantit\ of 2' of aic 

Neni Urn In Ighl situ Yoga thuio ani twn little stars which foim with it a 
small equilateral tuanglo, the sides of the tuangle being about 1|° long 
Tho northern one of tho tvo little stais is the beautiful double-double sUi 
e by no, ami can bo seen as double by a keen eye without a telescope, the 
two companions bmng about V/ apatl Now tho d 1 stance between the 
computed plnea of Uianus and lG actual position was, uhen at its maxi 
mum, just a little moio than half of the distance between these components 
of c byne, lluit only a keen eyo can sopaiate One would almost say that 
Mich ti imimto disciopaney between obseivation and themy was liaidly woith 
lmtidhig, and that to considei it «intohtable ” uns what a Scotchman would 
cull “ sheei pun lucidity ness.” 

but Jiml these minute discrepancies constituted the data which 
wuro found suniclont for calculating the position of a lntheito 
unknown planet, and biingmg it to light* Lcveuiei wiote to Galle, 
In Hulmianeo . “ Direct your telescope io a point on the ec/^io in the 

t (}nslelhUion of Aquarius , ift longitude 326* y and you will Jlnd within 
« (hup ve oj that place a neio planet , tooling hie a stai of about the 
ninth magnitude) and luteinq a peicephble disc The planet was 
found at Berlin on tho night of Sept 23, 1846, in exact accordance 
with thin prediction, within half an hour after the astronomeis began 
looking for 11, and only about 52' distant from the precise point that 
be v err lev bad indicated. 

664, So far as the mathematical opeiations aie concerned, the 
honor is to bo equally divided between two then young men,— 
bevorrier of Paita, and Adams of Cambridge, England Each took 
up tho problem, and bv perfectly independent and considerably dif¬ 
ferent methods aiiivcd at substantially the same solution, and each 
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promptly uonitmuiienfcfid tlm I’tiMulL (Adunm some ii m ii11jh mii'liur Minn 
Lcvomor) to a practical iintroimmer provided with III* • in-eemuiry 
apparatus for ticUuilly (MtmUntf tlm planet. 

Adams, who whs then a graduate of Mina? yearn* standing, a lellnw amt a 
tutor in his college, comniunioiitcit hin romill h la (’Imllif. his proiea-nr ni 
astronomy at Cambridge, in Urn autumn of IHliJ. Miallh at mien mir 
milted Airy, the Astronomer ltoyah but between them I Im muHer rulli«*r lay 
iu abeyanoo for Homo months, nnill a not ice appeared of u pielhninmy pup'i 1 
by Lcvcrrior, which indicated Mutt 1m also bail reached milmliiuliully lh ,f 
sumo conclusions as Adams. Then, at Mm urgent nuggenMon id Aliy, 
Clmllto decided to begin tlm soareh at mice, and to rupture Urn plmml by 
siege, so to speak. 1C Jm bad bad mmh slur-maps as wo now pMssr^i of I bo 
regions where tlm plmmt lay eoneeuled, ll- would Imvn been emupinal ivrlv im 
ortsy oporulinn; but us lio hml not, hn decided In go over a apace |0 ,J wide 
by 30° long, and to go over it three limes. Tlm jinsilloim uf all ll>rd 
stars would of eon ran bn Mu? same at each of llm Mure idiMiuaalions, bu( a 
planet would change ils plane in 41m meantime, and ho would he wmdy 
detected, 

lie begun bis work on duly lilt, including iu bin sweep all el lira down i<< 
tlm tenth magnitude. When, on OuL 1, ho learned of Mie m l uni di:cuV"vy 
oil tlio planet, lie had rmmloil tlm position** of something over dniMi r.lav«. 
ami was preparing to map them, lie had already aeetired, no it I limed out, 
three observations of Mm planet on Aug- d, Aug, ly, and Sept. :»u, and 

of ctmrso it was only the question of a few weeks ..■» nr lens when Hu* 

discussion of Mm observations would have brought Mm plmml. In light. 

But while this rather delllionilo process wuh going oil iu Knglnml, J.ov<’* 

ricr had wised Ids work, making a Hcnnnd approximation, and had . .mm 

ldcatod Ids results to OaHe, at Berlin, substantially as above ludlealrab Tlm 
Berlin astronomers Imd Mm great advantage of u View Hlurmhurt by Itinidkrr. 
covorhig that very region of tlm Hky, and therefore did lint need In eiilv> 
upon any such (odious campaign us tlmt begun by Clinllk Tit lens lhim 
half an hour they found a new star, not indicated on tlm leap, and showiii^ 
a Sensible disc, just as Lovorrior liml predicted; and within twenty-four ]muj ' 
its motion proved it to lie the planet. 

666. Computed Elements Erroneous. — llolh AiIuiiih and r.rviTi lur. 
besides computing the planot's position In n u , H lty Imd cl,>tlitiM 7,1 
olotponta of Its orbit, and a valuo for Its unum, which Itiriioil mil In lm 
ooiiBWorably orroneous. Thu reason was tlmt they hml amumed th«t 
the weart (liManco of the new planet from the win would follow lUuh 'n 
law, a supposition whluli, ns it turned out, Is not oven roughly lmi>, 
although It was entirely.warranted by the oxiHlhig facts, hImcc all tin* 
then known planots, not excepting UrainiH, obey It with nuiHomddo 



OLD OUHBHVA'L’tONS OF NEPTUNE. 


871 


exactness. This assumption of an erroneous mean distance of thirty- 
mght astromnnicul units, instead of the true distance of thirty, carried 
with it errors in all tho other elements of the orbit; and the computed 
elements are so wide of tho truth that great authorities have main¬ 
tained tlmt tho actual Neptune was not at all the Neptune of Leverrier 
and Adams, hot an entirely different planet; and even that the 
discovery was a “ happy accident.” It was not an accident at all, 
however. While the data and methods employed were not competent 
to determine tho planet’s orbit accurately, they were sufficient to 
dutormino the directtmi of tho unknown body, which was the one 
thing needed to insilro its discovery. The computers informed the 
Heurelmrs precisely where to point their telescopes, and could do so 
lignin wore a new easo of the same kind to appear. 

050. Old Observations of Neptune. — After n few weeks’ observa¬ 
tion of Urn new planet it became possiblo to compute an approximate orbit; 
and reckoning buck by means of this approximate orbit, the approximate 
plane on any given date for many years preceding could be found. On 
examining the observations of stars made by different astronomers in these 
regions of tlm sky, there wero found several instances in which they had 
observed the planet; a star of tho ninth magnitude in the proper place for 
Neptune being recorded in their star-catalogues, while the place is now 
vacant. Those old observations, thus recovered, wore of great use in deter¬ 
mining tho planet’s ovblt with accuracy. 

067. The Orbit of Neptune.—The planet’s mean distance from 
the mm is a little more than 2800,000000 of miles, instead of being 
over 81500,000000, as it should be according to Bode’s law. The 
orbit, instead of being considerably eccentric, as it appeared to be 
from the computation of Adams and Leverrier, is more nearly circular 
than any other in tho systoin except that of Venus, its eccentricity 
being only l Even this small fraction, however, makes a‘varia¬ 
tion of over 50,000000 of miles in the planet’s distance from the sun 
at different parts of its orbit. The inclination of the orbit is about 
1 f. The period of the planet is about 164 years, instead of. 217, as 
it should have been according to Lcverrier’s computed orbit. Tlu« 
orbited velocity is about 8^- miles a second. 

658. The Solar System as seen from Neptune.—At Neptune’s 
distance the sun itself has an apparent diameter of only a little more 
than i 1 of are, —only about the diameter of Venus when nearest us, 
and too small to be soen as a diso by tho eye, if there are eyes on 
Noptmio. The light and heat received from it are only ^ part of 
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what we get nb the earth■ Still, wo numb not Imagine Lliivt^ iih com¬ 
pared with starlight or oven moonlight, tins Neptunian sunlight in feeble. 

Assuming Zbllnor’a ostinmte limb sunlight at llm earth Is HlHJIOII liman im 
intones as the light of the full moon, wo (1ml that thn hum, nvim at Nnplmm ( 
gives a light equal to 087 full moonw. 'Phis is about seventy-eight Liim-a Mm 
light of a standard omullo at one inol.ro dlslamm, or ahnul. the light nf a 
tliousand cancllo power olectriis are at a dlntaneo of 10) font — abundant fur 
all visual purposes. In fuat, an neon from Nopluno, Iho ami wnuhi look verv 
muoli like a largo oleotrio aro-lamp at a dlslaneo of a few font.' Wo rail 
speoial attention to this, bocauHO orroneoiiH HtnUmimitu urn not uiifivr|unnlly 
met with that “ at Nopluno tho sun would bn only a Hrst iiiaguiliiili 1 Mliir.** 
It would roftlly give about 41,000000 Minos Iho light of ninth a idur. 

669. From Noptuuo tho four torrest.'. a! planote would las hopelessly 
invisible, unless with powerful tokwonjms and by eurofully Hrrrrning «>lt 
the sunlight. Mars would novor roach an elongation of 3° from Iho Him s 
tho maximum olongalioii of the oar 111 wuuld ho about li°, and Mini of V*miin 
about 1^°, Jupiter, attaining an elongation of about 10°, would probably 
bo easily seen somewhat ns wo mm Mercury, Saturn and thimuN would bn 
oonupicuouH, though tho latter is Urn only planet of Mio whole system Uml 
oftn bo hotter aeon from Neptune Ilian H cmn bn from tho earlli. 

600. The Planet itsolf, — Neptune appuiirs In Mm telescope hh n 
Bmall star of botwocn tho eighth and ninth uuignlludeH, iilmoliiloly 
Invisible to tho naked eye, tliough cosily mum with a good npcru-ghiHH. 
It allow b a greenish diso, having im apparent diameter of glumt ^ ff .!» 1 
wlpeli varies very little, elneo tho entire range of variation in Mio 
plane Ms distance from m is only about /^of tlm whole. Tim real 
diameter of tho planet la about 86,000 uiIIoh (lull Mm probable error 
of this must he fully 600 miles); tho whrma 1h about Hu times that 
of tho earth. Its maw, an determined by muuiiH of 1U HtUellllu, i:i 
about 17 times that of the earth, and Its denHihj (),2(L 

Tho planet's albedo > according to ZUllner, In about forly-sk per 
cent, a trillo lower than that of Saturn and Voiuih, and eoUHldernhlv 
below that of Jupiter and UranuH. There nro no vlnihln miirkliigH 
upon Its surface, ami nothing is known as to Hh rotation. Tim 
spectrum of the planet appears to bo prudnely like limb of Urumm, 
Tho light is bo fooblo that the ordinary lines of tlm solar Mpecbnim 
mo difficult to make out, but there are a number of heavy, dark 
bands, which indicate tho existence of a dense atmosphere, through 
which the light, rebooted by tho cloud-covorod surface of Mm planet, 
is transmitted, an atmosphere which appears to be Identically tho 
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aaino on both Uianus and Neptune, while some of its constituents me 
probably piescnt m Jupitei and Saluin, as shown by the pimcipnl 
dnvk bund m the led. It is not possible as yet to identify the 
HiibHltmoo which pioduees these bands 

It will bo seon that Uianus and Neptune fonn a “ pan of tutus ” 
voiy much as ilio emth and Venus do, being neaily alike m magni¬ 
tude, density, and ofcluu character lstics. 


661. Satellite. — Neptune has one satellite, diseoveied by hassell 
within a month alter the discoveiy of the planet itself Its distance 
is 223,000 miles, and its penod 1b 5* 21 h 2 m 7. Its mbit is inclined 
WV 3 M 1 , and it moves backward in it, u, clockwise, fiom east 
lowtuds the west, like the satellites of Uiauus It is a very small 
object, appealing of about the same bnghtness as Obeion, the outei 
satellite of Uianus. Fiom lts^biightncss, as compmcd with that 
of Neptune itself, we estimate that its diametci is about the same as 
Hint of our own moon, though perhaps a little laigcu 

Since Neptune is so fm fiom tho sun, and the planet lms no othei stellite 
oC any hi/o (none ueitamly comparable with this one); its motion must ho 
piiu dually undislmhod and veiy neaily unifouu It has been therefoie pio- 
posed to lmiico d a te\l oj the umfoumUj of olhei motions m the solar system) 
hucIi in tho length of tho day and the length of the month It levobes 
i lipid !y onough to admit of voiy piocise observations by huge telescopes 
Tli 18 , of com ho, possible that the planet has othei undiscovered satellite^ 
but if ho, thoy must be veiy minute 


602. Trana-Neptunian Planet — Pei Imps the bieakmg down of Eode’s 
law at Neptune may bo l eg aided as an indication that the system tei inmates 
with him, and that there is no lomotei planet If such a planet exists, how- 
ovm* it is kui o to bo found sooner oi later, eitliei by means of its disturbing 
aid ion upon Uianus and Neptune, oi else by the methods of the nstei oid 
liunlPiM, although, of tom so, its slow motion will lendei its detection m this 

way dilhcull _ . , . , 

In 3877, Piofessoi Todd, fiom a giaphical investigation of the outstanrt 

mu tlirfoumcoH between tho computed and obscived places of Uiamis (aftei 
allowing Id NptAuiio’h action), concluded that an undiscovered planet very 
iSSlata/and that its longue w«s th™ about 170 Hernde a 
painful hut wwuoqmCuI soaich foi it with tiietl Mhngtam ^ 0 ^, 01 g 
over a iegw>n about 40° long by 2° wide with a powrn of 400, hoping to 
looogni/o the planet hy its disc 

663 Tn tho Annendvx, >ye give tables containing the most accmute da 
„Z .i P .o»nl nvmlable, b». i —U, 

tho student that those data aic o£ very cliffeie.it dcgiees of aocma j. 
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The distances (in astronomical units), and the 7 >eriW.t of the philiuLa 
(except perhaps some of tho asteroids) are known with extreme precision; 
probably the very last figuro of tlio tublo may bo trusted. Tlio other 
elements of their orbits avo also known very closely, if not cpiito ho preoianly 
as the distances and periods. Tlio masses, in terms of the sun's moss, hLjuhI 
next to tho orbit elements in ordor of precision, with an error probably not 
exceeding ono per cent (excopt, bowover, in tho ease of Mercury, tho mans 
of which romahitt still very uncortnln). 

The ratio of tho earth's imuhh to the sun's is however less iLccumlnly known, 
taing at prosont subject to an uncertainty of at least two per emit. This is 
because its determination involves a knowledge of Lho solar parallax (Art. 
278*), the cube of which appears In tho formula for tho ratio of the huihhoh. 

Of course all tho masses of tlio planets expressed in terms of the earth's nmss 
are subjoot to tho same uncertainty in addition to ail olhov possible causes 
of error. 

When wo como to tlio diameters, volumes, ami densities uf the pliuuds, 
the data become loss and loss certain, a* 1ms been pointed out before. Vov 
the nearer and larger planets, Hay YemiH, Mars, and Jupiter, they are reason¬ 
ably satisfactory, for the remoter ones less ho, and tlm figures for the density 
of tho distant planots, — Moroury, Uranus, and Neptune, for instance, — are 
very likely subject to errors of ton or twenty per cent, if not move, 

004. Wo borrow from IlerachbpH “Outlines of Astronomy " the following 
illustration of the rolativo magnitudes and diatuneoH of the members ut om* 
ayetom. “Choose any woll-lovellod field, On it plane a globe two feet in 
diameter. Thin will represent tho sun; Moroury will be represented by u 
grain of mustard-seed on the oirouinformico of a circle 101 feet in diameter 
for its orbit; Venus, a;w< on aclrclo of 281 feet in diameter; tho Keith also, 
a P eG 011 a oh'do of dliOfcet; Mars, a rather largo pin'nJicutl on a eirele of 
054 feet; the asteroids, grains of sand in orbils of 1000 to 1200 feet; JuplUr, 
a moderate-sized orarujc in a circle nearly half a mile across; Saturn, a mull 
orange on a circle of four-fifths of a mile; UrnmiH, a full-sized cherry nr 
small plum upon tho circumferonco of it circle more than n mile and a bait; 
and finally Neptuno, a good-sized plum on a circle about two miles and a halt 
In diameter. . . , To imitate tlio motions of the plane Is hi tbe uliovo-mmi- 
tionod orbits, Mercury must describe its own diameter in 11 Nneoiids; Venus, 
in 4® 14*; tho Earth, In 7 minutes; Mura,'in d to 48'- Jupiter, In li h nil'*; 
Satrn-n, in 8* 18-; Uranus, in 2>‘ 1(1* ; and Neptune, In 8 h Wo may add 

that on this scale tho nearest star Would be on the opposite side uf tlio trlobo, 
at tho antipodes, 8000 miles away, 
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sun's parallax at IV, which in morn tlian twenty times loo large, This value 
was accepted by Ptolemy, and remained uudispulml I'm twelve centuries, uni i) 
Kopler, from Tycho's observations of Muvh, uutislled himself that, Mm mm’:i 
parallax could not exceed V; or'., that Urn min's tlbduiiee must bn tit least a> 
great as twelve or fifteen millions of miles, llctwccu 1 *170 and HIHil Cay.ini 
proposed to determine Urnsolur parallax by nlmervulhum of Mars; furl»y llml 
time the distance of Mars from Urn earth at any moment could bn v<m v iuvm* 
mtely computed in astronomical units, ho tlml. Mm dnlunniimtiun of Mm jun* 
allax of Mam would midco known Unit of Mm aim. Observations in Kmmv> 
compared with observations made in South Amelina by aHnimnurrs m*u! mil. 
for tho purpose, showed that the parallax of Mars euidd not exceed pn", nr 
that of the sun, 10", Cassini set it at l)"m, corresponding In a dislamm nf 
80,000000 of miles,—-giving’ Uni llrst rcasuimblo approach In tlm Iran dhimo 
sions of the solar system, 

In 1(177, and more fully in 1710, Halley explained how tnundls of Wini*' 
might be utilized to fumisli a fur more accurate delmuiiiutliuii of llm mdm 
parallax than was possible by any metliod before used. Me died before (lie 
transits of 1701 mid 1700 occurred, but they were both observed, Mu* Hi d 

not vory satisfactorily, but the second with perfect simmis, and In Mm ... 

widely separated parts of the globe, Tho results, however, were by no 
means as accordant as had been expected. 'Various values of Mm sun's pot 
allax wore deduced, ranging all the way from HJ" to II", iieenrdiue, to tie- 
observations used, and tlio wky tlmy were healed in Mm disenssion. 
Towards tho end of the century, La Place adopted and used for a while ()m 
value 8",81, while Dolumbro preferred H'\H. 

867. In 1822—24 Kimfco collected all Urn tmimit iiliHi>rvu(,lnuM Iluil. 
lmd been published, and diHciiHsod them an ti wIujIm in mi extremely 
thorough manner, deducing iih a (Inal reunlt; from tin- two liwmiln ,,f 
17G1 and 1701), 8".fi77(i, corresponding to a distimee of !). r iJ niilllmm 
of miles. Tho decimal is very imposing, and the discussion In 
which it was obtained w«h unqueiilimmhly thorough uml lulioiloitM, 
so that his valuo stood unquestioned und ehumieul for many yearn. 

The first note of dissent was heard in |K/j.|, when lluimeu, In 
publishing certain roscarclicH upon llm motion of tho moon, an¬ 
nounced that Bucko’s parallax was certainly too small; he uflcr- 
waids fixed tho figure at H^.07, but the corrcutlou of ccrlniii niimeri 
cal errors in his work reduced this result to 


Three or four years later I,evevrier found a value of H",l)5 IYoiii (J,„ 
called lunar equation of the huii’h molhmj and in iWlli Bmumull, from a new 
determination of tho velocity of light, eombinml with llm «>oimtuiil. of ul.er- 
ration, got tho value 8".80. A nMliffmumhm of llm old tmimit <if Venn > 
observations was then made by BLoiru, of England, wlm deduced from I hen. 
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(H) The cliroot method [0]. 

(B) Observations of the displace mo nt of Arm's among tho stars 
/ at the time of opposition. 

(a) Dcolinutiou observations from two or mom stations In widely 
different latitudes made with meridian circles or mmronmLur 
[25]. 

s ( b ) Observations made at a single station near tho equator, by 

measuring the distance oC tho planet oust or west from 
* neighboring stars, using tho liellomotor [DO]. 

(0) Declination observations of Venus [20]. 

(D) Observations of one of tho nearer asteroids in the Hiunu 
way as Mars. 

(o) Meridian observations at two stations in widely different 
latitudes [20]. 

... ( b ) Iloliometcr observations at ail equatorial .station [75]. 

(i?) Observations of the transits of Venus at widely separated 
stations. 

(a) Observations of the contact*, 

- (1) Halley's method—tho “method of durations" [40]. 

(2) Delisle’s method—observation of ufmfuto times [50], 

(b) Heliomotei monsuremonls of the position of the planet oil 
tho Ban [76]. 

(c) Photographic methods—various [20 to 75]. 

III. Gravitational Methods. 

v V \(^4) By the moon’s parallactic inequality [70]. 
x ... •- ( B ) By the lunar equation of tho sun’s motion [40]. 

( O) By the perturbations produced by tho earth on Yuiuih and 
Mars [70] ; (ultimately [95]). 

IV. By tho Velocity of Light, combined with 

^ (iil) The light equation [80], 

{B) The constant of aberration [90], 

The figures in brackets at the right uro intended to oxpross roughly the 
relative value of tho different methods, on the sealo of 100 for a method 
which would insure absolute aoouraoy. 

870. Of the Anoient Methods, that of Aristarchus Is so ingenious 
and simple that it really dosorved to bo successful. When Oho moon 
is exactly at the half phnae, the angle at AT (Fig, 184) must bo Just 



379 


CIKOMWJMUCIATi METHODS, 


? ' lln S'° A1CM tttwt equal MSS, If, Hum, we can find 

Z.rr if ,,t01 ' th ° ‘ U '° mi < fcora new t0 hdf moon) U than MF 
, , m ,m,ou to t half the difference will measure AM, and 
'■! ut Aristarchus concluded that the first quarter of 

.« month was Just about twelve hours shorter than the second, so 
that Yi.i1/ wus hioasnreO by ’ 

Hi^ liorn-H 1 motion of the ALm 

umon, or n little loss than 
■1°* VliMioo, ho found Si?, 
lltu tVislumm of tho sun, 

(n he uhoul nineteen times 

h \f< >u value absurdly 9lQm 1S4t 
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Hitim aS-.& in in fact AriBtnrcUuB' M.-ihodof Dctmnlnliig the 6u»*s biMimcc. 

iiourtyJUU) Limes JS3L Tho 

null dUYerem'u between the two quarters of the month is only about 
half nn hour, instead of twelve hours, 
r l bo -dill lenity with the method is that, owing to the ragged and 
i»mktui tdmriiutm 1 of the liumr £uvfacc, it is impossible to observe 
dm nmineut <>£ Imlf moon with sufficient accuracy. 


071. Tim esl.iimite of Hipparchus was based upon the erroneous calcu¬ 
lation of AriulUTclnifl that the sun’s distance is 19 times the moon’s, and the 
solar parallax, therefore, tV of tlio moon’s parallax, 

Tim “ radius of the earth’s shadow,” where the moon cuts it at a lunar 
t'Ultimo, in given, us Hipparchus knew, by the formula p-P+p~S (Art. 
Wl!), or I 3 -L p~p T S, Assuming that P= 10p, we have 20/j~p+ S, Now 
,S, tbu nun’s Henu-diunioier, is about 15'; and from the duration of lunar 
mdipsoH Hipparchus found p to be about 40'; hence he obtained for p, the 
anlur pur alb lx, a value a little less tlian 3', which, as has been already men- 
lioiunl, wan accepted by Ptolemy, and by succeeding astronomers for more 
Hum 115110 yours, (Wolf's 11 History of Astronomy/’ p. 175.) 

07». Of tho Geometrical Methods, A , the “direct, method” eon- 
hIhIh in observing the sun’s apparent declination with the meridian 
iiiroltt ufc two HfcntionB widely differing in latitude, just as we observe 
Win moon when (hiding its parallax (Art. 239). Theoretically, 
ohunwiitiona of this sort might give the value of the sun’s parallax 
within I ** or so, but the method is practically worthless, because 
ilio errors of observation are large as compared with the quantity 
to bo determined. The sun’s limb is a very bad object to point on, 
and besides, its heat disturbs the adjustments of the instiumen , ius 
rendering tho observations still more iuaccurate. 



880 


DETERMINATION OF THE HUN’h DISTANCE. 


873. Tho first of tho two methods of observing the plmmt Miirn 
is precisely the same ns this direct method of observing tho huh j 
but the distance of Mars at a “ mmr opposition 11 is only u little 
more than £ that of the sun, so that any error of olmomithm 
affects the final result by only about -J- an much} and, moreover, 
Mara is a very good object to observe, so that tho errors of obsorvn- 
tion thorasolves arc much lessoned. Tho planet's d is lance from 
tho earth having been found in astronomical units by tho method 
of Art. 515, the determination of its distance In milos will (lx Uin 
valuo of this unit, and bo give us dlroctly tho mm'n distanco mul 
parallax. 

Tlio method requires two observers working lit a distance from each 
other with different instruments, which is a serious disadvantage. 

For some unexplained reason, observations of this sort sooni almost inva¬ 
riably to give too largo a result for tho solar-parallax, averaging between 
8".90 and 8".D8. Tho rod oolor of tho planot may px)RHibly have huiuo thing 
to do with this by affecting the astronomical refraction. This method, in 
1080, was tho first to givo a reasonable approximation to Urn biui’m Iran 
distance, as has been mentioned before. 

The planet Venus can be observed in tho aanm way, and luiH been onoo 
so observed by Gillis, 1840-52, at Santiago, Chill, in co-oporulioii with llm 
Washington observers, but tho result was not yovy satisfactory. 

874. Heliometer Observations of Mars (Method 6). —It in pos¬ 
sible, however, for a single observer to obtain hotter rcHtillH than 
can be got by two or more using tho procoding method. Suppose 
that tho orbital motion of Mara is suspended for a while at oppo¬ 
sition, and that the planot Is on or near the cgIubL inl equator; 
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and also that tho observer is at u station, O, oil tlm onrili'e 
equator. When Mars is rising at M e) Fig. 185, Iho horizontal 
paiallax OM,Q depresses the planot; that Is, lie appears from 0 to 
be further east than he would If seen from O, tho contrn of Urn 
earth; so that tho parallax then increases tho planet’s right aHoon- 
slon. Twelve hours later, when ho is sotting, tho parallax will 
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throw him towards the west, diminishing his light ascension by the 
name amount. If, then, when the planet is rising, we measure care¬ 
fully its distance west of a star S, which is supposed to be just east 
of it (tho distance M e S in Fig* 18G), and then measure the distance 
MJ3 from the same star again when it is setting, the difference will 
give us twice the horizontal parallax* The earth’s rotation will 
have performed for the observer the function of a long journey in 
transporting him from one station to another 8000 miles away in a 
straight line. 


676. Of course the observations are not practically limited to the 
moment when tho planet is just rising, nor is it necessary that the 
Btar measured from should be exactly cast or west of the planet* 


Measure# from a number of the 
neighboring stars, S 1} £ 3 , and 

#4 would fix the positions M 6 and 
M w with more accuracy than meas¬ 
ures from S alone. Nor will %e 
planet atop in its orbit to be ob- 
Herved, nor will it have a declina¬ 
tion of zero, nor can the observer 
command a station exactly on the 
earth’s equator* But these varia¬ 
tions from tho ideal conditions do 
not at all affect the principles in¬ 
volved ; they simply complicate the 
calculations slightly without com¬ 
promising their accuracy* 

The method 1ms the very great 
advantage that all the observations 



Fro. 180. 

Mlcrometrlo Cornier! son of Mare with Neigh¬ 
boring Slave. 


arc made by one person, and with 

Olio instrument, so that, as far as can lie soon, all errors that could 


a (foot the result arc very thoroughly eliminated. 


676. Tho most elaborate determination of tho solar parallax yet made 
hv tills method is that of Mr. Gill, who was sent out for the purpose by the 
Uoval Astronomical Society in 1877 to Ascension Island in the Atlantic 
Ocean. TIis result, from 850 sots of measurements, gives a solar parallax 
of 8".78!! j. ()".015, —a result probably very close to the truth, though pos¬ 
sibly a little small. In 1802 and 180d favorable oppositions of Mars will 
occur again, and it is quite likely that the observations will be repeated on 
a scale GYon move extensive. 
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Venus emuiot bn observed in ibis way, since either her rising or boi 
is in the daytime, when the small stars cannot be soon near her; bu 
nearor asteroids can bo utilized by tide method. As they are more din 
howovor, than Mars, a given error in observation produces a larger 
error in the result. 

677. Tho Heliometer. — Tho heliomotor, tho instrument omployi 
these measure ft, is one of the most important of tho m adorn histruincm 
precision. As its name implies, it was first designed to monsuro the (linn 
of the Aim, bub ib is now u«od to measure any distance ranging : 
a few minutes up to one or two degrees, which it doos with tho sumo j 
racy as that with which tho filar micromotor measures distances of a 
seconds, lb is a u double imago ” micromotor, made by dividing the ol 
glass of a telescope along its diameter, aw h! 
in Fig. 187. Tho two halves avo so mounted 
they oan slide by each other for a dlstanco of t 
or four Inches, tho separation of the centres 1 
accurately measured by a dolloato scale, or 
micromotor screw operated and read by a sni 
arrangement fj^oiu tho oyc-ond, Tho iiistmi 
is mountod oquatorially with clock-work, ant 
tubo cau bo turned in its cradle ho ns to i 
the lino of division of the lensos lie in any du 
direction, When tho centres of the two luitv 
tlio object-glass coincide, tho wlioln nets as a h 
I ons, giving but one image of ouoli object or 
in the field of view. 'As soon as tho contras aro separated, each lin 
tho object-glass forms its own imago. 

To measure tho distance from Mars to n star, the tolesoopo tubo is Li 
so that the lino of centres points in tho right dirootion, and then tho , 
lenses ave,aepamted until one of tho two images of tho star comes oxnul 
tho contra of one of the images ol Mars j this can bo done in two posi 
oE the somi-lduB A with rospeot to 23, as shown by the figure. Wo 
either make £ 0 (tho imago of tho star formed by semi-Ions 73) ooluoidu 
formed by A , or make 8 „ ooinoido with M 0 . The wliolo distance 
1 to 2 then measures twice tho distance between 31/ mul 8. 

678. Transit of Venus Observations.—At tho time when V 
pnBscB between na and tho sun, her distance from tho earth is 
some 26,000000 of miles, so that her horizontal parallax is n- 
four times as groat ns that of the sun itself. At this time her 
ent displacement upon the sun's disc, duo to a change of the ob. 
er's station upon the earth, is the difference between her own par 
due to this displacement, and that of the sun Itself j and this cl 
enoe is greater than tho sun’s parallax nearly in the ratio of 
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1 » CM ’> exactly, of 723 to 277, The object, then, of the observa¬ 
tions of n transit is to obtain in some way a measure of the angular 
displacement of Venus on the sun’s disc, corresponding to the known 
distance between tlm observer’s stations upon the earth. 


670. Halley's Method. —The method proposed by Halley, who in 
1677 brought to notice the great advantages presented by a transit of 
Vumiajor determining the sun’s parallax, was as follows: Two sta¬ 
tions are ehoson upon the oavth’s surface, as far separated in latitude 
us possible. From them we observe the duration of the transit; 
Unit is, tho interval of time between its beginning and end, both of 
which must be visible at both stations. If the clock runs correctly 
during tho few hours during which the 
transit lusts, this is all that is necessary. 

W« do not need to know its error in 
reference to Greenwich time, nor oven in 
rempoet to the local time, except roughly. 

This was a groat advantage of tljp method 
in those days, before the era of chro¬ 
nometers, when the determination of tho 
longitude of a place was a very diflhmlt 
and uncertain operation. The observe- 
lion to bo nmdo h simply to note the comMuin.'iwiiot v«u. 
clock time at which "contact” occurs, 

there being four of these contacts, — two exterior and two internal, 
at tlm points marked 1, 2, 3, d, in Fig, 188. Halley depended 
mainly on the two intornal contacts, winch ho supposed could be 
observed with an error not exceeding one second of time. 



680. Computation of the Parallax. — Having the durations of the 
transits at the two stations, and knowing the hourly angular motion 
of Venus, wo have at once and very accurately the length of the two 



chords described by Venus upon tho sun, expressed in seconds of 
are. AVc also know the sun’s semi-diameter in seconds, and hence 
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In tho triangles (Fig. 180) Sab and Sde> nvq can compute tlio length 
(in seconds still) of Sb and Se , tlio difference of which, be , is tlm 
displacement sought, due to tho distance between the nUitioim on tlm 
earth, 1 The virtual base line 1 b, of course, not tlio dtstanco botween 
B and E ns a straight line, because that line is not perpendicular to 
the line of sight from the earth to Venus, nor to tlio pin no of the 
planet’s orbit, but the true value to bo used is easily found. Calling 
this base line /?, we have 


p"** (be) fl x 



r being the radius of the earth. 

The rotation of tho earth, of coursa, comos in to shift tho placcH 
of E and B during tho transit, but this can easily bo allowed for. 

% 

681. The Black Drop, — Halley expected, as has been enld, that 
it would he possible to observe the instant of internal contact within 
n siugle second of time, but ho reckoned with¬ 
out his host. At the transits of 1761 mid 
1769, at most of tlio stations tho planet at 
the time of internal contact showed a 44 liga¬ 
ment” or l ' black drop,* Ilka Fig. 190, instead 
of presenting tho nppoarnneo of a round disc 
neatly touching the edge of the sun ; and the 
Fia. loo.—ThoBincb Drop, time of real contact was thus nrndo doubtful 
by 10 1 or 15". 



This H ligament w depends upon tlie faob that tho optical odgo of the 
image of a bright body is not, and in the naturo of things cannot lie, abso¬ 
lutely sharp in the eye or in the telescopo. Tn the oyo itself wo lmvn 
irradiation* In the telescope we have the diflloulty that oven in a perfect 
instrument the image of a luminous point or lino lion a certain width (which 


In order that the method may be practically Buoueasfnl, It is necessary that 
the transit trhclc should lie near the edge of tho sun's disc, for two reasons. It 
is desirable that the duration should not be more than *lireo or four hours, 
while for a cental transit it lasts eight hours (Art. 676). Moreover, if the two 
c tor s were near the centre of the disc, any small orror in thoJongth of ollher 
Whpn u ^ t QC ^ 4 ' ® reat errnr * n the computed dlstnnco hetwoen thorn, 
the revere uV" " * 10 flg * re < wllloh hflg beDn the case in ail recent transits), 

hni r * C0T1BiderftblG to tho observed length of one of tho 

chorda fltfecla their computed distance only slightly. 
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with a given magnifying power is less for a large instrument). Moreover 
a telescope is usually more or less imperfect, ancl practically adds other 
iInfects of definition, so that whenever the limbs of two objects approach 
ontth othov in tlio field of view 
of u tolosuopo wo have move or 
less distortion duo to tho over¬ 
lapping of the two “penum¬ 
bras of imperfect definition/* 

— the -Rhino sort of offoct that 
is obtain tul by putting the 
thumb and finger in contact, 
bolding Uiom up within two 
or throe inches of the oyo and 
then separating them: as they 
separate, a “lunch ligament” 
will )m soon between them. 

Willi modern telescopes, and 
by great care in preventing tho 
sun's image from being too 
bright, so as to diminish imuli- 
utitm in Ike eye as far as pos¬ 
sible, Urn black drop was rc- *' U ,. wi. — Aimoaiilwru of Yunus tumuim ilm lnya 
ducod to riniHoimbly small pro- Transit. (Vogel, 18 S 2 .) 

portions in 1874 and 1882, and 

practice bo forehand with an “ artificial transit" enabled the observer in some 
degree to allow for its effect. But a now difficulty appeared, from which 
there ho mu ft to lie absolutely no way of escape, — tho planet's atmosphere 
caiMw it to he surrounded by a luminous ring as it enters upon the sun's 
diHi!, and thus renders tho time of the contact uncertain by at least five 
or six seconds. Tn both tho transits of 1874 and 1882, differences of that 
ummmtr continually appeared among tho results of the best observers. Fig. 
lilt shows tho appearances duo to this cause as obsorved by Vogel in 1882. 



082. Belisle’fl Method. —Halley's method requires the use of polar 
BtatioiiHj uncomfortable and hard to reach, and also that the weather 
BliouUl permit tho observer to see both the beginning and end of the 

transit, » , ■ , 

DoIIbIg’b method, on tho other hand, utilizes two stations near the 

equator , taken oiva lino roughly parallel to the planet’s motion. It 
requires also that tho observers should famo their longitude accurately , 
so as to ho able to determine tho Greenwich time at any moment; 
but It does not require that they should see both the beginning and 
end of tho transit; observations of either phase can he utilized: anc 
this is a great advantage. Suppoao, then (Fig, 192), that the 
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obsaivcc W on quo aide of tlio ourth notes llm moment of UiUn nu! 
contact in Greenwich time, tho planet then bobiR ftt Vi* VMimi JiJ 
notes the contact (also in Greenwich time) the pliuiot will bo nt Vy. 
and the angle at D will bo tho angular diamotor c>f the om'tli ns hoch 



from Z>; f.e,, rf-mpfylttfcti tfc Aim's parallax. Now tlio nnglo l> 3h ul 
once determined by tlio time occupied by Venun in pm*yi»g from V } 
to PJ, slndo in 5S4 days (tho Byntffllc period) tfho iuovoh oninplnlidy 
round from the line DW to the same lino again. If the Lime from 
Vi to Y% were twelve minutes, wo should Had tho angle nt 1) to 1m 

683. Heliometer Observations.—Instead of observing simply Him 
times of contact^ and leaving the rest of tho transit unutilized, mh in 
tho two preceding methods, it is possible to make n conMunoiiH Horton 
of measurements of tho distance and direction of the plninrt fWwi tho 
nearest point of tho sun's limb. These numsuremonts are best nmrtu 
with the hodometer (Art* G77), and give tho immim of dnirnpbibjg- 
the p/nuot's apparent position upon tho eim's dim at uny momonl 
with extreme precision. Stich^ote of mansurmnemts, imulo at wl<hdy 
separated stations, will thus furnish accurate clotorminatlonsOf tint 
apparent displacement of tho planet on tho sun’s disc, corresponding 
to known distances on the earth, and eo will give the solar parallax* 

During tho tnm\t of 1882 extensive series of observations of thin 
sort were made by tho Otevnmi parties, two of which wave In the 
LrnUed States, —one at Hartford,. Oomi. 1 (uut the other at Snu 
Antonio, Texas, The results have not yet (August, 1888) twu 
published, but they will soon Appear, and It is understood tlmfc Idiov 
are considerably mow accordant than those obtained by any ulluir 
method of observation. 

684. Photographic Observations. ■—The hcUomotur uuMiHuvumuid* 
caDnol "be rnwle very rapidly. Under tlio most fayomWo clroum- 
etnnees ft complete set requires nt least fiftoou minutes, so tli.nl; thv 
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whole number obtainable during the seven or eight hours of the 
transit is quite limited. Photographs, on the other hand, can be 
nmdo with great rapidity (if necessary, at the rate of two a minute), 
mid then after the transit we can measure at leisure the position of 
the planet on the sun’s disc ns shown upon the plate. At first sight 
thin method appears extremely promising, and in 1874 great reliance 
wuh placed upon it, Nearly all the parties, some fifty in number, 
wore provided with elaborate photographic apparatus of various 
kinds. On the whole, however, the results, upon discussion, appear 
to 1m no more accordant than those obtained by other methods, so 
that in 1882 the method was generally abandoned, and used only by 
the American parties, who employed an apparatus having some 
peculiar mhflmtnges of its own. 


688, English, Gorman, and F^nch Methods. — In 1874, the English 
parties used tolescopos of six or seven inches aperture, and magnified the 
image of the sun formed by the object-glass by a combination of lenses 
applied at the oyc-ond, Thorn wore no special appliances for .eliminating the 
distortion produced by the enlarging lenses, nor for ascertaining the exact 
orientation of the picture, (that is, the direction of the imago upon the plate 
with reference to north and south), nor for determining its scale. 

The (.tennans and ltnssians employed a nearly similar apparatus, but 
with the important difference that at the principal focus of the objectrglass 
they inserted a plate of glass ruled with squares. These squares are photo¬ 
graphed upon the imago of the sun, and furnish a very satisfactory means 
or determining the scale and distortion, if any, of the image. The object- 
glasses used by the English and tho Germans had a focallength of seven 
nr eight fcwsL The French employed object-glasses with a focal length of 
some fourteen foot, the tolescopo being horizontal, while tho rays of the sun 
W(}m n'lfawinil into it by a plane mirror; instead of glass plates they used the 
old-fashioned metallic daguerreotype relates, in order to avoid any possible 
“ creeping ” of the collodion film, which was feared in the more modern wet- 
plate process. The French platos furnish, however, no accurate orientation 

of the pic.luro* 


686 Tho American Apparatus. — The Americans used a similar plan, 
with some modifications and additions. The telescope lenses employed wave 
Jive inches in diameter and forty feet in focal length, so that the image 
directly formed upon tho plate was about 4} inches in diameter and needed 
no ciilai'giunoiit. The telescope was placed horizontal and m the mendian, 
its oxueUliroation being delenninablo by a small transit instrument whic 
wi» mounted in such a manner that it could look ^ 

scope, as into a collimator, when tho reflector was 
itself was a plane mirror of unsilvered glass driven by cloek-nork. Tig. 
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shows‘the arrangement of the apparatus. In front of Urn photographic 
plate, and close to it, was supported a gluss plato ruled with squares nailed 
the reticle plate/' and in the narrow space between this and tho photograph 
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plate was suspended a plumb-lino of lino silver wire, the imago of which 
appeared upon the plato, and gavo the means of determining tlm-orientation 



of the imago with extreme 
precision. If the roller* 
tor were, and would con¬ 
tinue to be, perfectly plane. 
through the whole npum* 
lion, the method could 
not fail to give extremely 
accurate results; hut tlio 
measurements and discus¬ 
sion of tho observations 
seem to show that thin 
mirror was actually dis¬ 
torted to a considerable 
extent by tho rays of tho 
sum On tho whole tho 
American plates do not 
appear to be much morn 
trustworthy than those 
obtained 4 by other meth¬ 


ods, X’ig, .104 is ft re¬ 
duced copy of one of the photographs made at Princeton during tho transit 
of 1882. The black disc near the middle, with a bright spot in tho centre, 
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ifl fclio imago of a metal disc cemented to the reticle to mark the centre lines 
of the reticle plate 5 102 plates wore taken during the transit, and at some of 
the stations whore the weather was good the number was much greater— 
nearly 800 iu some cases* 

The difficulties to be encountered are numerous* Photographic irradiation, 
nv the spread of the image on the plate, slight distortion of the image by the 
lenses or mirrors employed, irregularities of atmospheric refraction, uncer¬ 
tainly us to the precise scale of the picture, — all these present themselves 
in a very formidable manner. It is obvious why this should be so, when we 
recall that on a four-inch picture of the sun’s disc, -nrW m incl1 con ' e * 
Bponds to about ^ of a second of arcr and the whole uncertainty as to the 
solar parallax docs not amount to as much as that, An image of the sun, 
therefore, in which the position of Venus upon the sun’s disc cannot be 
determined accurately without an error exceeding TTr W of an inch, is of 
very little value, Imperfections that would be of no account whatever in 
plates taken for any other purpose make them practically worthless for 

tlii«. :'J. 

Still tlioro is reason to hope that considering the enormous number of 
photographs made in 1874 and 1882 (certainly not leas than 5000 in all), 
tho result to bo obtained from such a mass of material will prove to be 
worth something. 

Gravitational Methods.—These are too recondite to permit any 
full explanation here. We can only indicate briefly the principles 
involved. 


087 . ( 1 ) Tho first of these methods is by the moon*8 parallactic 

inequality, an irregularity in the moon’s motion which has received 
this namo, because bv means of it the sun’s parallax can be deter¬ 
mined. rt depends upon tho fact that the sun’s disturbing action 
upon tho moon differs sensibly from what it would be if its distance, 
instead of being less than 400 times that of the moon from the earth, 


WQi'a infinitely grout. ., 7 7 . 

The disturbing action upon the half of the moons orbit which he* 
nearest the sun is greater than on the opposite half of the orbit. Ihe 
retarding action of the tangential force, therefore, <undfc the firs t 
quarter after now moon, is perceptibly greater than the^acceleiat.o^ 

produced during tho second quarter (Art. 447) > 8oth f ®' 1 2 , behUul 
third quarters respectively, the moon is a little mote than behn 
and ahead of the place sire would occupy if the tftU g ei, ^ l ^ l ^ ^ a 
equal in all four quadrants of tho orbit-as they would b^ftbesms 
distance were infinite. This puts the moon aboait^r 
behindhand at the first quarter, and ns much «/«ad a . 

if lk e centre of the moon could be observed within a fi action of a second 
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of arc (as it could if bIiq woro a more point of light like a star), llio 
observations would give a very accurate detenu ination of tlia biih'h 
distance. The irregularities of the moon's limb, howovor, and tlm 
worse fact, that at fcho first qimrtor wo observe the western limb, while 
nt the third quarter It is the eastern one which alone is observable, 
make tho result somewlmt uncertain, though tho method certainly 
ranks high, 

088. (2) TI 10 "Jutiftr equation of the sun's motion ” is, it will l>o minimi- 

bered, an apparent slight monthly displacement of tlm film, amounting to 
about 8".3, and due to tho fact that both earth and moon revolve around their 
common centre of gravity* lb is generally mado uho of (Art. 1MJ1) to deter- 
mine tho mass of tho moon ns oomparod with that of the uavtli, using ns a 
datum the assumed known distance of tho mm; but it wo consider tlio nuiwi 
of the moon as known (dotorminod by the tides, for instance), Hum wu enu 
find the sun’s parallax 1 in ternjs of tho lunar equation, 

Tho method is not a good one, fiinao tho solar parallax, 8^.8, in gmnlor 
tlian the quantity by means of which it is dotorminod. 

689. (3) The third method (by the earth'spmiurhutium of Venus 
and Mars) is one of tlm most Important of tho whole list. It de¬ 
pends upon the principle that if tho maw of tho ourth, as compared 
with that of tho aim, bo accurately known, them tho Utstunco of the 
sun can be found at once. Tho road or will remember that in Art* 
278 the mass of tho sun was found by comparing tlm distil nmi 
which the earth falls towards the sun in a second (jib nmasurnd by 
tho curvature of her orbit) with tho forco of gravity at the our lids 
surface; and in the calculation the sun's distance enters us a neces¬ 
sary datum. Now, if wo know independently the sun's muss coin* 
pared with the earth 1 s, tho distance bocoinos tho only unknown quan¬ 
tity,, and can bo found from tho other data. 

In the same way ns in Art. 1380 wo have 
(5 + JJ) = 4 

In which 5 find E nro tho musses of tho huh nml ourth, D lx Iho mom, 

* Putting L for tlio maximum value of tho lunar equation (about O'M) of nrrb 
P for the Min’s parallax, and R and r for tho distance of tho moon and tho smith 
diameter of tlio earth respectively, wo liavo tho equation 
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ittntaiico of iho earth from tho sun, mid T the number of seconds in n year. 
Also wo have for tho forco of gravity at the earth's surface, 

or B = gr «, 

in whioh r is tho earth’s radius. 

Dividing tho preceding equation by this, wo get 

<S-h IS _ 

E r« } ’ 

I£ wo put -- - M } this becomes 

w -(firV m 

In tlm equation everything in tho second term is known when we have 
onco found M } or tho ]“atio between the masses of tho sun aud earth; y is 
found by pendulum observations on the earth, T is the length of the year 
in seconds, and r is tho earth’s radius, 


Now, tho disturbing force of the earth upon its next neighbors, 
Main and Venus, depends directly upon its mass ns compared with 
the mass, and the ratio of the masses can be determined when 
tho perturbations have been accurately ascertained ; though the cal¬ 
culation is, of course, anything but simple. But the great beauty of 
the method lies in this, that as time goes on, and the effect of the 
earth upon tho revolution of the nodes and apsides of the neighbor¬ 
ing orbits accumulates, the determination of the earth's mass in terms 
of the sun 9 s becomes continually and cumulatively more precise. Even 
lit prewont tho method ranks high for accuracy, — so high that Lever- 
rior, who first developed it, would have nothing to do with the transit 
of Venus observations in 1874, dcclariug that all such old-fashioned 
ways of getting at the sun’s parallax were relatively of no value. 
The method is tho “ method of the future” and two or three hunched 
years hence will lmvo superseded all tho others,—’Unless indeed it 
"should appear that bodies at present unknown are interfering with 
tho movements of our neighboring planets, or unless it should turn 
out that tho law of gravitation is not quite so simple as it is now 
supposed to bo, 

690. The Physical Method, —The physical, ov “photo-tachy-metri- 
c method, as it has been dubbed, depends upon the fundamental 
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assumption that light travels In interplanetary space with the hiuihj 
velocity as in vacuo . This ie oortainly very nearly true, ami pmb- 
ably exactly so, though wo cannot yet provo It. 

By tlio recent experiments of Mlchclaou and Now comb in Mila 
country, following the genoral method of Foucault, the velocity of 
light has boon ascertained with very great precision and may bn 
taken as 299,860 kilometres, or 186,880 miles, with a probable error 
which cannot well he as groat as twenty-live miles either way. 

691, Sun's Distance from the Equation of Light. — (1) 14 Thn 
equation of light" is the time ooeuplod by light In travelling between 
the sun mid earth, and Is determined by observation of the oellpmm 
of Jupiter’s satellites (Art. G29). By simply multiplying the veloc¬ 
ity of light by this time (499*±2*) wo Imvo at once the snn*n dln- 
tanoe; and that independent of all knowlodgo as to the mirth’s dimen¬ 
sions. The render will remember, however, that the determination 
of this 41 light-equation 9> is not yot so satisfactory ns desirable on 
nccouut of the indefinite nature of the calipao ob bcl 1 rations Involved. 

692. From the Constant of Aberration, — (2) When we know Llm 
velocity of light wo can also derlvo the sun’s distance from tho 
il constant of aberration aud this constant, 20".402, derived from 
star observations (Art. 226), is known with a considerably higher 
percentage of accuracy than the light-cquatlon. 

Calling the constant a, we have 

tan a =t 

where JJ is the velocity of the earth in its orbit, and V the velocity 
of light. Now V equals the clromnforemen of the eartlfn orbit 
divided by the length of the year \ /.e, f 

T 1 

h enoo tan a ss 

VT 

and j) _3 ton a ^ yrp^ 

2 7r 

On the whole tt seams likely at present that the value of the mix'* <li«- 
t^nce thus derived is tho most acourato of all, Using a *= 20",492 and 
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180,330 miles, we have I) =» 1)2,976,500 miles, and taking the 
emtil’s equftloiuil uuluis as 3%3 296 miles (Claike, 1878), we get 
8" 793 as the sun’s equatoinil hoiuontal paiallax. 

693 The reader will notice that the yeometneal methods givo the 
distance ol the sun du ec%, apait from all hypothesis oi assumption, 
except as to the aeoiuacy of the observations themselves, and of then 
necessary collections foi lefiaction, etc tho tfumtationaZ *methods, 
on tho other hand, assume tho exactness of the law of gravitation, 
and tho physical method assumes that light tinvels in apace with 
the same velocity as in om tcrrestiial expenments The near accoid- 
ance of the losults obtained by the diffeient methods allows that 
these assumptions must be veiy ueaily eonect } if not absolutely so* 
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CHAPTER XVII. 

COJOST8: *THEIR NUMBElt, MOTIONS, AND OUIUTS.— TITKIIl (ION- 

STITCENT TARTS AND APPEARANCE.—'L'l 110111 Hl’JCUTitA. —■ 

THEUi PHYSICAL CONSTITUTION, AND OltlfUN. 

094. Prom time to time bodies of a very-clirfoccsnt diameter from 
the planets make thoir appearance In the heavens, l'miniin vlniblu 
for Bomo weeltB or months, move over a longer or shorter path among 
the attire, and then vanish. Those aro tlm Comets, or “ hairy ukm," 
aa the wprd moons, since the appoaranco of such ns nro bright 
enough to be visible to the naked eye is that of a star Hiimnmdod 
by a hazy oloud, and usually carrying with It a streaming, trail of 
light. Some of them have boon magnificent objects,— the niiulmm, 
or ceutvnl star, as brilliant ns Venus and visible even by day, while 
the cloudy head was nearly ns largo as the sun itself, and tlio tail 
extended from the horizon to the zenith,—a train of shining suit- 
stance long enough to ronoh from the oartli to the mm. Tlio major¬ 
ity of comets, however, are faint, and visible only with a telescope, 

895. Superstitions. In ancient times those hollies wore regarded 
with great alarm and aversion, bolng considered from the astrological point 
of view os always ominous of evil, Thoir appeavonoo was snp|sised in 
presago war, or pestilence, or the (loath of princes. Thcsn notions have 
survivod until very recent times with more or loss vigor, hut, It Is hardly 
necessary to say, without tlio least reason. Tlio most careful research fails 
to show any effect upon the earth produced by a oomot, ovou of tlio largest 
size. There is no observable ohango of temperature or of any limteoro- 
logical condition, nor any effeot upon vogetablo or animal life, 

696. Number of Comets.-Thus far wo have on our lists about 
050 different comets. About 400 of those wore recorded previous to 
1000, before tlio Invention of the tolescopo, and must, of course, 
have been bright enough to attract the attention of the naked eve. 
Since that time the number annually observed him busrensed very 
greatly, for only a few of these bodice, perhaps one In live, aro 
visible without telescopic aid. Thoir total number must bo enor¬ 
mous. Not infrequently faun five to eight arc discovered In a 
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single year, and there is seldom a day whim one or more is not in 
sight* 

While telescopic comets, however, are thus numerous, brilliant 
ones are comparatively rare. Between 1500 and 1800 there were, 
according to Newcomb, 79 visible to the naked eye, or about one 
in three and throe-fourths years. Humboldt enumerates 43 within 
the same period as contyicuoits; during the first half of t)ie present 
century there were 9 such, and since,1850 there have been 11. Since, 
and including, 1880 wo have had 7, — a remarkable number for so 
short a time, — and two of them, the principal comet of 1881 and 
the great comet of 1882, were unusually fine onos. In August, 1881, 
for a little time two comets were conspicuously visible to fcho naked 
eye at once and near together in the sky, a tiling almost if not quite 
unprecedented. 

697. Designation of Comets.—The more remarkable ones gen¬ 
erally boar tho name of their discoverer, or of some astronomer who 
made important investigations relating to them,—as for instance, 
Halley’s, Kncko’s, and Donates comets. They are also designated 
by tho year of discovery, with a Roman number indicating the order 
of perihelion passage. A third method of designation is by year and 
letter) the letters denoting the order in which tho comets of a given 
year were discovered. Thus Donates comet was both comet F and 
comet VI, 1858. Comet I is, however, not necessarily comet A, 
though it usually is so. In some cases tho comet hoars the name 
of two discoverers. Thus the Pons-Brooks comet of 1883 is a 
comet which was discovered by Pona in 1812, and at its return in 
1883 was discovered by Brooks. 

098. The Discovery of Comets. — As a rule those bodies are first soon 
by comet-hunters, who make a business of searching for thorn. For such 
purposes they avo usually provided with a telescope known as a “coinot- 
seokoiV* having an aperture of from four to six inches, with an oye-pieco of 
low power, and a largo field of view. When first soon, a comet is usually 
a mom roundish patch of faintly luminous cloud, which, if really a comet, 
will ^reveal its fcvuo character within an hour or two by its motion. Some 
observers have found a great number of these bodies. Messior discovered 
thirteen between 1700 and 1708. and Pons twenty-seven between 1800 and 
1827. 

1 699. Duration of Visibility, and Brightness, ~Tho time during 
which they are visible differs very much. Tho great comet of 1811 
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waa observed for seventcon months, the longest tlmo on record, Tim 
comet of 18C1 was observed for a year, and the great comet of 1882 
for five mouthy. In some cases, when a comofc dooa not. happen Lo Ini 
discovered until it is recoding from the sun* it \h hoqh only for a week 
or two. 

As to their brightness they also differ widely. The great major! Ly 
oau be seen only with a telescope, although a considerable number 
reaoh tho limit of naked-eye vision at that part of their orbit where 
they are most favorably situated. A few, as 1ms been aaid above, 
become conspicuous; and a wry few> perhaps four or fivo in a 
century, are so brilliant that they can bo Been by Iho naked uyu 
in full sunlight, as was the case with tho grout comets of 1818 mul 
188?. * 


700. Their Orbits.—- The ideas of tho ancients as to iho motions of 
these bodies were very vngno. Aristotle and his school boliovod them to bn 
nothing but earthly exhalations inflamed in tho uppor regions of tho air, 
and therefore meteorological phenomena rather than astronomical. Ptolemy 
accordingly omits all notice of thorn In tho Almagest. 

Tyoho Brahe was the first to show that thoy aro more distant than Lite 
moon by comparing observations of tho comet of 1877 made in dliVmrnit 
parts of Europe, Its position among tho stars at any moment, as noon from 
his observatory at Uranienburg, was sensibly tho same uh that observed nt 
Prague, more than 400 miles to tho south. It followed tlmt li« distance 
must be much greater than that of the moon, and that its real orbit must bo 
of euormous size, cutting through interplanetary space In a manner abmv 
lutely incompatible with the ohl dootrino of tho crystal lino Hphoron, I To 
supposed the path to be oiroular, howevor, as boflttod tho motion of a 
oelestial body. 

Kepler supposed that comets moved in straight linen; and ho noonm to 
have been half disposed to consider thorn ns living orentuvos, travelling 
through space with will and purpose, “Hire fishes in tho finu." 


Heveliua first, nearly a hundred years lator, suggested that Iho orbits am 
probably parabolas } and his pupil Doorf el proved this to bo tho am in 1(181 
for the comet of that year, Tho thoory of gravitation hod now appeared, 
and Nowton soon worked out and publishod a motliod by whioli tho (do- 
ments of a comet's orbit can be determined from tho observations, Tnnm!- 
diately afterwards Halley, rising this method and computing tho parabolic 
orbits of all tho comets for which ho could find tho needed observation*, 
ascertained that ft series of brilliant comets having Hourly tho srnno orblL 
•had appeared at intervals of about seventy-five years. Ho concluded that 
these were different appearances of one'and the same ootnat, tlm orbit not 
being really parabolic but elliptical, and ho predicted Its ruturu. whloh 
actually occurred in 1769 the first of “ periodio comets/' 
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701. Determination of a Comet’s Orbit. ~ Strictly speaking, the 
01 , 01 ft comc(i l,c, »S always a conio section, like that of a planet 

requires only three perfect observations for its determination; but it 
Heldoin happens that the observations* can bo made so accurately 
tw to enable us to distinguish an orbit truly parabolio from one 
slightly hyperbolic, or from an ellipse of long period. The plane 
of ilia orbil and its perihelion distance , can be made out with reason- 
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iihlo accuracy from auoh observations as arc practically obtainable, 
but tbo eccentricity ) and the major axis with its corresponding period, 
can Holdom bo determined with much precision from the data obtained 
at a single appearance of a comet. 

Tho reason is that a comet is visible only in that very small 


1 Observations for the determination of a comet's place arc usually made with 
an equatorial, by measuring iho apparent distance between the comet and some 
neighboring "comparison star’ 1 with some form of micrometer, as indicated in 
Art. 120* If tho star's place is not already accurately known, it is afterwards 
specially observed with tho meridian circle of some standard observatory; thU 
observation of comparison stars forms quite an item in tho regular work of such- 
an institution. 
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portion of its orbit which lies near tho mirth uml sun, uni), uh Mm 
figure shows (Fig. 100), in this portion of tho orbit* llio long ollipm*, 
tlie parabola, and the hyperbola almost eoinoido. Moroovor, IVoin tlir 
diffuse nature of a comet it is not possible to observe it with the 
same accurnoy as a planet. 

Comets which really move in parabolas or hyperbolas visit 1,1m sun 
hut once, and then recode, never to return ; while those that move in 
' ellipses return iu regular periods, unless disturbed. 

It will be understood, tlmt in a catalogue of comets* orbits, those 
which are indicated as parabolic arc not dr idly ho. All that nan he 
said is that during the time while the comet was visible, Its position 
did not deviate from tho parabola given by an amount mnnibh* (a 
observation. Tho clmnccs are infinity to one against a cornel's 
moving exactly in a parabola, alncu the least ralanhitimi of ilu 
velocity would render tho orbit elliptical t and tho least nee'duration^ 
!\ hyperbolic^ aocordlng to tho principles explained In Article UK). 


702. Relative Numbers of Parabolic, Elliptical, and Hyperbolio 
Comets,—The orbits of about 270 comets luivo been thus far com¬ 
puted; Of this'number about 200 are sensibly parabolic, uml amt 
appear to he hyperbolic, although tho eccentricity exceeds unity by 
so small a quantity as to leave tho matter Bomewlmt doubtful. Their 
are also a number of comets which, according to the bust coinpulu- 
tlanB, appear to have orbits really olliptlcal, but with periods ho lung 
that their elliptical character cannot be positively assorted, About 
fifty have orbits which arc certainly and distinctly civul; and twenty* 
aix ot these have periods which are less than one hundred years. 
Thirteen of those periodic comets have already 7 been actually observed 
at more than one return. 


As to tho regfc of the twenty-six, some of thorn uro expected In return 
again within a few years, and Homo of them have boon lost, — either hi 11m 
same way as the comet of Bioln, of which wo shall noon spank, nr by having 
their orbits so changed by perturbations that they no longer come near 
enough to the earth to be observed, Table HI. of the Appendix gives 
the elements of these thirteen oomets taken from the « Amuuiim dn lhirimu 
es Longitudesfor 188B. It will bo observed tlmt the shortest period 
is that of Lnoke'a comet, which is only three and onedmlf years, while |}m 
period of Halley's comet exceeds seventy-six. * v 

» ?' 71 T thm> r ,etS wlth oom l )uted PuvioilH rouging Imlwoon mivimly 
and eighty years, whose returns are looked lor within tho next lofty yonm. 

^rX°" 6C0ffi0tWitI,tt ^ Od0j thirty - tl,rao y° ftl ' 3 «htoh Is dm, to 
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703, Hg. 190 shows the oibils of so\cial of the comets of short 

peuod,— from tlnce to eight yeais, (It would cause confusion to 
msoit all of them ) It will be scon that in ovary caso the comet’s 
mbit comes very near to the oilnt of Jupiter, and when the orbit 
oiossos that of Jupiter, one 
of the nodes is always near 
tho place of apparent in- 
toi section (the node being 
marked on the comet’s mbit 
by a short cioss-1 mo) If 

»1 upitoi weie at that point 
of its orbit at the time when 
tiro comet was passing, tho 
two bodies would lenlly lie 
voiy ncai to each otlrei, 

Tho fact, as wo shall see, 
is a very significant one,' 
pointing to a connection l)e- 
tween these bodies and the 
planet. It is Uno for all 
the comets whoso peiiods 
aio less than eigirt years — 
for thoso not inserted in 
the diagiam as well as thoso that me The mbits of Urn seventy-ihe- 
year eomots are similarly related to the mbit of Neptune, and the 
thirty-throe-year comet pusses vei) close to tho orbit of Uiamis, 

704, Recognition of Elliptic Comets, — Modem observations aro 
so much more aeomate than those made two contiuics ago that it is 
now somolimcs possible to determine tiro eccentricity and period of 
an elliptic comoi by means of lire observations made at a single 
appealftiree. Still, as a gonoial rule, it is not safe to pionounoo upon 
tho ollipUcit^ of a comet's orbit until it 1ms been observed at least 
twice, mu always then, A comet possesses no **personal identity S* 
so to speak, by which it can be loeogmzed metoly bj looking at it,— 
no peisonal pccnliaiities like those of the planets Jupiter and Saturn. 
It is identifiable only by its path 

When tho approximate parabolic elements of a now comet’s oibil havo 
boon computed, mo examine tho cataloguo of preceding eomots to bcg if wo 
can And olhora which losonrblo it, that is, vlncli have nearly tho aamo mill 
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nation and longitude of the node with tho saino perihelion distance and ;wri- 
Ae/iOrt JonffiViufe. If so, it is pro&aW* that wo hftvo to do with tho same omnot 
in both cases. Bnt it is not cirfafrr, mid investigations, ofton vory long and 
intricate, must be made to see whether an elliptical orbit of tho nocoHSury 
period win be reconciled with tho observations, after taking into account 
the perturbations produced by planetary action. Those porturbatiotirt ton 
extremely troublesome to compute, and am often very groat, wince tho 
not unfrcquently pass uoar to the larger planets. In fiotno mioh oases tlio oi\v\t 
ia completely altered. Even if the result of tills investigation api*Mir« to 
ahow that the comets are probably identical, wo aro not yot absolutely snfo 
iu the conclusion, for we have what are known as — 

706. Oometary Groups. — Those aro groups of comota which jhU'hiiq 
nearly tho same orbits, following along ono after another at u gruutor 
or smaller interval, ne if they had onco boon united, or hncl cotno 
from some common source. The existence of such groups wnw Jlrtft 
pointed out by Hoek of Utrecht in 18C5. Tho most remarkable 
group of this sort is the one composed of tlio great comets of 1(168, 
1843, 184ft, 1882 > and there is eomo reason to Himpcob Limb tho 

Httlo comet visible on the piotnro of tho corona of tho Egyptian 
eolipse (Art. 828) also belongs to it. Tho bodies of this group hiivo 
orbits very peculiar in their extremely small perihelion dlstanoo (thoy 
actually go within half a million miles of tho sun’s surface), anil yet, 
although their elements aro almost identical, thoy cannot possibly all 
be different appearances of one and the same coinot.. 

So far as regards the comets of 1008 and 1848, considered it]ono, thorn 
is nothing absolutely forbidding tho idea of thoiv identity: porturbalioiiN 
might account for the differences botweon their two orbits. Hut the cmjiihiIn 
of 1880 and 1882 cannot possibly be one and tho saino; they were both 
observed for a considerable time and accurately, and tho observations of 
both are absolutely inconsistent with a period of two years or anything lllcu 
it. In fact, for the comet of 1882 all of ‘the difforont computers found 
periods ranging between 600 and 000 year's. 

There are about half a dozen other suoh oomot>gronps now known. 


706. Perihelion Distances.—These vary groatlv, Eight ooinuln 
have a porlheliou distance leBs than six millions of mi (os ; about 
boy enty- four per cent of ail that liavo been observed Ho within tho 
earth’s orbit; about twenty-four per cent lie outaklo, but within bwiuu 
the earth’s distance from the gun \ and six cornets have boon obsorvod 
with a perihelion distance exceeding that limit. 
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A single one, the comet ol 1720, hiul a peiihelion distance exceeding foui 
nstiouoimcul units,— as gieut as the moan distance of the lemotoi usleioids 
It must have boon an onoimous comet to be\mblu tiom such a distance 
It is one ot tlm six hyperbolic comets 

Obviously, howovei, the distnbuliun of comets as deteimined by observa¬ 
tion, depends not ltieiely on tho existence of the comets themselves, but upon 
then Mobility fiotn the eaitb Those comets which apptoach neai the oibit 
of the emlh have the best chance of being seen, because then conspicucms- 
11 ess mcieascs as Uie> appiodch us, bo that we must not lay too much stiess 
on tho appaient crowding of tlm ponholm within the eaitlds oilnt 

The poiilioha are not dislubutod equally m all directions fioin the 
him, but moie tlmn sixty per emit mo within. LV* ot what is called 
“ the hunS wu\ ”, i e , tho line in space along which tho sun ib tinvel- 
ling, ciulying with it its attendant systems. 

707 Oibit Planes —Tho inclinations ol the comets’ mbits range 
all the way from 0° to 90° Tho ascemlnuf node s aie chatulmtcd all 
luouml thi' ecliptic, wutli a decided tendency, howovei, to cluster m 
two regions Inning a hmuptuile ol about 80° and 270° 

708 Dneotion of Motion. — With the two exceptions ol Halley's 
comet, and the comet of tho Leonid metcois (Ait 7S(>), the elliptical 
comets winch have periods less than one bundled yearn all move in 
tho dneotion of the planets, and the same is tine of the b\x hyper¬ 
bolic comets Of the othei cornels, a lew moie move retrograde than 
chicoL, but Iheio is no decided piopondeuuioe etlliei way 

709, It is haully nocessais to point out that the fact Unit the 
comets move foi tho most pait in pntabolas, and that the pianos of 
thou orbits luue no evident lelation to the plane of the planetary 
motions, tends to indicate (though it falls aboil of demolishnting) 
that they do not m any Jnoper sense below/ to the sola) system 
itself, but cue merely visilon fiom interstellar space They come 
towauls the Him with almost pieciBcly the velocity they would hn\o 
if they had simply dropped towauls it from an infinite distance* and 
they leave it with a velocity which, if no foicc but the Bun’s lUlinc- 
tion opeiatos upon them, will cany them hack to an unlimited 
distance, ot until they encounter the attraction of some other sum 
With one roimukablo exception, their motions appeal to bo just wlmt 
might bo expected of pomleiablo masses moving in. empty space 
undei the law of ginvitalion* 
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710. Acceleration of Enoke'fl Comet. —Tim one exception rufmtftl 
to Is in tho caao of Encko*a comet which, hIiico its II mL (llm-uvury in 
the last oojitury (it wae not, however, dlncovcml to 1m n jwriitilio 
comot until 1819), htws been continually qulokoning i in hpiusl mnl 
shortening Its period at tho rate of about two Iiouth and a Imlf In 
eaoh revolution; as If it woro under the action of Homo mdstunot? 
to its rpotion. No perturbation of any known body will account fm 
siioh an accelcmtlon, and tlma far no rcuHonablo explanation Inin 
beou Buggcstod as oven possible, except the one mentioned— Hie 
resistance of an interpianotary medium which retards 11 h motion JiihI 
as air retards a rido bullet. At llrat night it hcoiuh ulmoHt panuloxi- 
oal that a should awelemto a comets wpeed ; but ruJVrrintf 

to Arfciolo 429 wo ace that since tho Hcml-inajor axis of ucoiiiuI'm orbit 
is given by the equation 

„_r{ V* \ 

~1 \U'-'— Vy 

any diminution of l^wlll also diminish a; and It cun be shown Unit 
this reduction in tho size of tho orbit will bo followed by tin IiioI'ciiho 
of velocity above that which the body lutd in the lergor orbit. It is 
accelerated by being thus allowed to drop noiircr to the mm, and 
gains ita speed in moving inwards urnlor the mill’s uLLnioUon. 


711. Another action of such a retarding force in to diminish (lie eccen¬ 
tricity of the body’s orbit, making It more nearly circular. If Hie action wore 
to go on without intermission, tho result weald'bo a spiral path winding in- 
ward towards the sun, upon which tho isomnt would ultimately full. Knrimmy 
years tho boliaviov of Encko’s comot was quoted ns an absolute denu.iisl ra¬ 
tion of the exlatonoe of tho “luminiferous other,” Mince,'however, in. other 
comets show any such action (unless perhaps Wlnnoeka’s 1 oomul— iVo, 5 In 
the table m the appendix), and moreover, since according to the inve/ilign- 
tions of Von Asten and Unolduud tho iwcoloratlnii of Knuko's eoniet ilself 
seems suddenly to havo diminished by nearly one-half in 1HIIH, Micro i-cumius 
much doubt as to tho theory of a resisting medium, It looks vutlier loom 
probable that this acceleration is due to so,nothing else th.m the hlu.lnir.umis 

ether perhaps to some rogularly roourring enoomiter of the col.. with a 

i , U 0 m ® ° or “ matter. Tho fact that the planets show no such ntf.-i-l, is 
surprising g nco, as we shall see, they are enormously more dense limit 
any comet, so that the resistance that would bring a comet to rest will,in a 


comct^a^aecoUratol' H ' cc ‘ <>r(1in ff to ids eonqniUtleiis Wlniiecko’* 

tho amount Hi. ro.^ ^ r “ C ' Sely ln * Uo Bfllno wn y ns lOnukirV. but l.y leas than Imll 
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single year would not sensibly affect a body like our earth in centuries, The 
“ resisting medium,” if it exists at all, must have much less retarding power 
than the residual gus in one of Crookes’s best vacuum tubes. 

712. Physical Characteristics of Comets. — The orbits of these 
bodies are now thoroughly understood, and their motions are calcu¬ 
lable with ua much accuracy as the nature of the observations permit; 
but wu find in their physical constitution some of the most perplex¬ 
ing and balding problems in the whole range of astronomy, — appar¬ 
ent paradoxes which as yet have received no satisfactory explanation. 
While comets are evidently subject to gravitational attraction, ns 
shown by their orbits, they also exhibit evidence of being acted upon 
by powerful repulsive forces emanating from the sun. While they 
shine, in part at least, by reflected light, they are also certainly self- 
luminous , their light being developed in a way not yet satisfactorily 
explained. They are the bulkiest bodies known, in some cases 
thousands of times larger than the sun or stars; but they are “ airy 
nothings,’' and the smallest asteroid probably rivals the largest of 
them in actual mass. 


713. Constituent Parts of a Comet. — (ft) The essential part of a 
comet— that which is always present and gives it its name —is the 
conut or nebulosity, a luvzy cloud of faintly shining matter, which 
is usually nearly spherical or oval in shape, though not always so. 

(fj) Next wo have the nucleus, which, however, is not found in all 
comets, but commonly makes its appearance as the comet approaches 
the Him. It is a bright, more or loss star-like point near the centre 
of the coinn, and is the object usually pointed on in determining the 
comet’s place by observation. In some eases the nucleus is double 
or even multiple} that is, instead of a single nucleus there may he 
two or more near the centre of a comet. Perhaps three comets out of 
four present a nucleus during some portion of their visibility. 

(o) The toil or train, is a streamer of light which ordinarily ac¬ 
companies a bright comet, and is often found even in connection 
with a telescopic comet. As the comet approaches the sun, the tail 
follows it much ns the smoke and steam from the locomotive trail after 
it. -lint that the tail does not really consist of matter simply ejl 
behind in that way, is obvious from the fact that as die comet rem es 
from the sun, the train precedes it instead of following. It is a ways 
directed mrny from the sun, though its precise position and form u to 
some extent determined by the comet’s motion. There » a^ndant 
evidence that it is a material substance in an exceeding y e 
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condition, which in sonuMvay in driven (ilT I’min the unmet; ami I hen 
repelled by some solar notion. (Son also Art. 7«'Uh) 

(d) Hhivelopea and Jds, -. In the ease ol‘ a very bri lliant round, it a 

head is often veined by short jets of light which appear to In* eon 
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the nuclmis; and sometimes instead of join t 1 m 
nucleus throws off a series of coneentric envelopes, like ht»llmv shi.Jh 
one within the other. These phenomena, hoievei, S 

observed m telescopic comets to any marked extent. 
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714. Dimensions of Comets, — The volume of a comet is often 
onormouH — sometimes almost beyond conception, if the tail be in- 
dud ed in the estimate of bulk. 

As a general rule the head or coma of a telescopic comet is from 
40,000 to 100,0 00 miles in diameter. A comet less than 10,000 
miles in diameter is very unusual; in fact, such ft comet would be 
almost sure to cmcmpo observation. Many, however, are much larger 
than 100,000 miles. The head of the comet of 1811 at one time 
measured nearly 1,200000 miles, — more than forty per cent larger 
than the diameter of this sun itself. The comet of 1680 had ahead 
<!()(),000 miles across. The head of Donati’s comet of 1858 was 
250,000 miles in diameter. The head of the great comet of 1882 
wan not ho bulky as many others, having had a diameter of only 
150,000 miles ; but its tail was at one time 100,000000 miles in 
kmglh. 

716. Contraction of a Comet's Head as it approaches the Sun. —It 
!h ii very singular fact that the head of a comet continually and regu¬ 
larly changes its diameter as it approaches to and recedes from the 
huh; and what is more singular yet, it contracts when it approaches 
tho, aim, Instead of expanding, as one„would naturally expect it to 
do under the notion of the solar beat. No satisfactory explanation is 
known. PorhiipH the one suggested by Sir John Ilerschel is as 
plausible as tiny* —that the change is optical rather than veal; that 
ntuir the sun a part of the cometary matter becomes invisible, having 
butm iioapoYdlad , perhaps, by the solar heat, just as a cloud of fog 
might be. 

Thu change in especially conspicuous in Enckcfs comet, When this body 
Jlrst comes into sight, at a distance of about 180,000000 miles from the 
huh, it lias a dmmotor of nearly 800,000 miles. When it is near the peri¬ 
helion, at a distance from the sun of only 88,000000 miles, its diameter 
nhi’inUs to 12,000 or 14,000 miles, the volume then being less than T rk 
wind it was wh<m first seen. As it recedes it expands, and resumes its 
anginal dimensions. Other comets show a similar, but usually less strik¬ 
ing, change. 

718. Dimensions of the Nucleus.—This has a diameter ranging in 
dilTmu.l; comets from 0000 or 8000 miles in diameter (Comet III, 
IH-lfi) to u mcro point not exceeding 100 miles. Like the head, it 
also undergoes considerable and rapid changes in diameter, though its 
changes do not appear to depend in any regular way upon the comets 
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distance from the sun, but rather upon Its activity at tho time, They 
are usually associated with the development of jots and envelopes. 

717. Dimensions of a Comet’s Tail. —The tail of a large com at, iw 
regards simple mnguitudo, is by far its moat imposing foaturo. Tho 
lougtli is seldom less tlmn 10,000000 to 15,000000 milos ; It frequently 
reaches from 30,000000 to 50,000000, and in Bcvcml oases 1ms boon 
known to exceed 100,000000. It Is usually more or loss fun-slmped, ho 
that at tho outer extremity it i9 millions of miles across, hoijig shaped 
roughly like a cone projecting behind tho comet from tho sun, and more 
or less bout like a horn. The volume of such a train as that of tho 
comet of 1882,100,000000 miles in length, and aomo 200,000 miles in 
diameter at the comet’s head, with a diameter of 10,000000 at its ex¬ 
tremity, exceeds the bulk of the sun itself by more tlmn 8000 Union. 


718. The Mass of Comets.—While the volume of comets Is 
enormous, their umasefl appear'to be' insignificant. Our knowledge 
in this respect is, however, thus far entirely neyativa; that is, whilo in 
many cases wo are able to say positively that the mass of a particular 
comet cannot have exceeded a limit which can bo named, we have 
never been able to fix a lower limit which wo know it must have 
reached; it hns in no ease been possible to perceive any action what¬ 
ever produced by a comet on the earth or any other body of llui 
planetary system, from which we can deduco its mass; and this, 
although they have frequently come so near tho earth and other 
planets that their own orbits have boon entirely transformed, and if 
their masses had been as rtuioh as of tho earth’s, they would 

have produced very appreciable offccts upon tlm motion of tho plumit 
which disturbed them. 


Lexells comet of 1770, blela’s comet on mare than ono occasion, and nhV- 
eral others, have come so near tho earth that tho length of tliolr periods uf 
revolution have been, changed by tho earth’d attraction to tho ext out of 
several weeks, but in no Instance hns tho length of tho year boon altered 
by a single second. One might be tempted to think that comets wove ptm- 
sessed of matter without attracting power; hut nttmotion Is always mutmit, 
and since the comets move according to tl.o law of gravitation, and tlmm- 
selvas suffer perturbation from attraction, there is „o escape from tho oo.i- 
elusion that, enormous as they arc in volume, they contain very little matter. 
Some have geno so far ns to say that a comet properly pnclcod could he car- 

h ° U 'ti” ' a ov 11 nian ’ 8 pocket, which, of course, is an extravagant 
assertion The probability is that the total amount of matter in a comet of 
any size, though very small as compared with its bulk, is yet to be estimated 
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at many millions of tons. The earth’s mass (Art. 132, 4 ) is expressed in tons 
by (1 with twenty-one ciphers following (0000 millions, of millions, of millions 
of tons). A body, therefore, weighing only one-millionth as much as the 
mirth would contain (5(100 millions of millions of tons, which is very nearly 
oc|ual to Iho mass of the earth's atmosphere. 


719. The Into Professor Peirce based his estimate of a comet’s 
muHB upon the extent of the nebulous envelope which it carries with 
it, mmutning (what may be doubted, however) that this envelope is 
gaseous, and is held in equilibrium by the attraction of solid matter in 
and near the nucleus ; and on this assumption he came to the conclusion 
that the matter in and near the nucleus of an average comet must be 
equivalent in mass to an iron bcdl as much as 100 miles in diameter. 
This would be about innihr ff( y of the earth’s mass, While this esti¬ 
mate is not intrinsically improbable, it cannot, however, be relied 
upon. We simply do not know anything about n comet’s mass, ex¬ 
cept that it is exceedingly small as compared with that of the earth. 


720. Density. — This must necessarily be almost inconceivably 
mi,i,11, If a enmot 40,000 miles in diameter 1ms a mass equal to 
of the earth’s mass, its mean density is a little less than that 

of the air at the earth’s surface,—much-lower than that of the best air- 
pump vacuum. Near the centre of the comet the density would proba¬ 
bly ho greater than the mean; hut near its exterior very much lesB. As 
for the density of its tail, when such a comet has one, that, of course, 
must ho far lower yot, and much below the density of the residual gas 
left in tho best vacuum wo can make by any means known to science. 

This estimate of tho density of a comet is borne out by the fact 
that small stars can be seen through the head of a comet 100,000 
miles in diameter, and even very near Us nucleus, with hardly any 
nercoptiblo diminution of their lustre. In such cases the writer has 
noticed that the image of a star is rendered a little Indistinct; and 
recent observations of several astronomers have shown a very small 
apparent displacement of the star, such as might be ascribed to a 
alight refraction produced by the gaseous matter of the comet. 

Students often find difficulty in conceiving how bodies of so infinitesimal 
d, “ comets can move in orbits like solid 

enormous velocities. They forgot that m a vacuum a feathei falls as fieely 
and as swiftly as a stone. Interplanetary space is a vacuum far inow pel¬ 
ted than any air-pinnp could produce, and in it the rarest and mos 
bodies move as freely as the densest. 
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781. Tho reader, liowevur, must boar in miml that, although tin- 
wean density of ft comet (that is, tlio quantity of matter in u enliic 
mile) la small, the density of the constituent jntrlicles of a conic/ neat 
not necessarily be so. The comet may 1m composed of himuII, heavy 
bodies, widely separated, and there la Home minim for thinking Unit UiU 
ia the case; that, in fact, the hoad of a comet In a swarm of metoorio 
stouea; though' whether tlicso stouos are many feet In diameter, or only 
a few inohos, or only a few thousandths of an inch, like pnrtlelcH of 
duet, no one can say. In fact, it now hcoiiin quite likely Unit (lie 
greatest portion of a comot’s mans In made up of mioli particles of 
solid matter, currying with them ft certain quantity of enveloping gns. 


728. Light of Comets,—Thoro has linen muoli dlHnuaslon whether 
these bodies shine by light reilected or Intrinsic. The fact Unit they 
become less brilliant ns they recede from the. hum, and llimlly dis- 
appear while they are in full sight simply on account of faintnesH, 1 
and not by becoming too small to be shen, shows Unit tluiir light is In 
some way derived from the sun. The further fact Unit Urn light 
shows traces of polarization also Indicates tho presence of rcllcotcd 
sunlight. But while the light of a eomot is thus in some way nllrilni- 
table to tlic ami’s action, tho spectroscope shows Unit It does not 
consist, to any considerable extent, of mere reilected sunlight, like 
that of the moon or a planet. 


(ml L , ft ,T, l,y ,W!I >’ r< '“‘ ,ut,! ‘ l "Kid, or by any light (1.., 

<H„t Z wU1 .° f h 18 l^Portloiml inversely lo tlm square (lie min’s 

distance (as would naturally bo tlm on so if tlm light were exollod directly 
y be sun b rndyilton, and proportional to It.), wo sbould have lla uppur-ml 
brightness at any time equal to the quantity-* tn vvl.loli l> and A am 

f l<,ta,1WS fl '° m tho Slul ftlu1 froi « Ul ° earth rimpmnivaly. The 
brightness of a cornet does, in faot, generally follow this law roughly Iml 
with many and striking exceptions. Tho light <J a mZ Xu nirt 

BZforlt'Sd^’ outf(,l ‘ ftf,,w !"»»» "Ill, a splendor 
Z Lw m P 1 n ’ T th ° n M,ln « l)fwk to ««• •lornml atafo ,«• 

18811 ^lm,lH,10d80V,!, ' u, 

collL rfft moZorf °° f T ta, '~ T 'i Q Bp00tl ' mn (lf 
_ 01 , less faint c ontinuous spectrum (which may lie 

tUcu! f 8 o\o°ng e ast n comIi^to W, I inl, Zdont HbI..'." Mko"a m„ 7 ,,r n nebula, 
brightness of tlil« dlao would romnhmitudm 8C of ,clls| blo (ilsmolor, lliu intrinib 
receded from the earm not^Z! 8 ° “ « r ' ,w « " 
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dim to rdluetcd sunlight, though it is usually too faint to show the 
Fniunhofcu' linos) overluid by throe bright bands, — one in the yellow, 
one in the green, and the third in the blue. These bands are sharply 
defined on the lower, or less refrangible, edge, and fade out towards 
tile 1 due end of the spectrum. A fourth bund is sometimes visible 
in the violet. The green band, which is much the brightest of the 
three, in some cases is crossed by a number of fine, bright lines, and 
there are traces of similar lines in the yellow and blue bands. This 
spectrum is <ths(dntely identical with that given by the blue base of an 
ordinary you or candle. JJmm ; or better, by the blue flame of a Run- 
Him burner consuming ordinary illuminating gas. Almost beyond 
(piestion it indicates the presence in the comet of some gaseous hydro- 
carbon^ which in some way is made to shine; either by a general 
heating of the whole body to the point of luminosity (which is hardly 
probable), or by electric discharges within it, or by local heatings due 
to collisions between the solid masses disseminated through the gas- 
uims envelope; or possibly to phosphorescence due to the action of 
sunlight: or none of these surmises may be correct, and we may 
have to seek some other explanation not yet suggested. 

It is not at all certain that the temperature of the comet, considered 
ns a whole, is very much elevated, Nor will it do to suppose that 
because the spectrum reveals the presence in the comet of gaseous 
hydrocarbon, this substance, therefore, composes the greater part of 
tin* cornel's mass. The probability is that the gaseous portion of the 
comet is only a small percentage of the whole quantity of matter 
contained in it. 

725. Metftllio Lines in Speotrum.—When a comet approaches 
very near to the mm, ns did Wells’s comet in 1882, and a few weeks 
Inter Urn great comet of that year, the spectrum shows bright metal¬ 
lic lines in addition to the hydrocarbon bands. The lines of sodium 
and magnesium are most easily and certainly recognizable. As for 
1.1m other lines—a multitude of which were seen by lficco (of Palermo) 
for a few hours, in the spectrum of the great comet of 1882 — they 
are probably due to iron; though that is not certain, for they were 
not seen long enough to tie studied thoroughly. 

t 720 . Anomalous Spectra. — While most comets show the hydro¬ 
carbon spectrum, occasionally ft different spectrum of bands appears. 
Fig. 1 !>8 shows the spectra of three comets compared with the solar 
spectrum and with that of hydrocarbon gas. 
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The first, the ftpofitnnn of TolilmU’s coimit of 1B81, is tlio uhuiiI 
The other two are unique. Jirorson’s cnmot, tit its Inter returns, bIiowuiI the 
ordinary eomot spectrum, and it might prlmiw Im tumshlereil ]>«>sstl*lo Unit 
an error was made in fixing the position of tlio IuuicIk at lint first oliwirvn- 
tion. But the peculiar spuei.rum of 0, 1HTT, hardly porinUn Him i 

an explanation* It was observed at Duuecht on tlio wvmo night, by tlio 
same observers and with tlio same spectroscope, as another comet which 



Km. IIW. —(‘on kU Spout ru. 


(For cunvenlouce In eiwuvluy, llio dark Uth«b of Miu anlnr wpoctrum. in ilm hi Wont «trJ|» of ilio 
%imi mo ruprommUH) oh brlyM.) 

gave the usual spectrum; so that in this case it hardly snmim poHsibln that 
the anomalous result can he a mistake, though tlui spectrum itself as ynt 
remains unidentified and unexplained, 

Indeed, from some points of view, it is strange Unit cornels, mining ns 
they do from such widely separated regions of space, do not show uu almost 
infinite variety of spectra; a priori we should oxpeot differences rather Hihm 
uniformity. 

It4s maintained by Mr. Lookyor that the spectruni of a comet ehmyrii us 
ifc varies its distance from the sun, the bands altering in uppmimucn atnl 
shifting their position. But the evidence of this is nut yet conclusive.* 

727. Development of Jets ami Envelopes. — When a comet in 
first seen at a great distance from the suit it is ordinarily a men? 
roundish, hazy patch of faint nebulosity, a little brighter near line 
centre. 
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Ab the oomot chaws neat the suu il» bvightens, and the cenUai con 
U‘imtrfion heroines moio ooti opinions and 4 harplv defined, ov stai-lihe 




L. 




(imu unit 



yfflt. <f// ”/fi 


777 ' ' 7 V. 1 j.t iv. •'£ $ Vi' ■. • 

.. ■'•"■v 7 '.' , if, 7 77 77S' ; :./^'|;^;S|^'" 7^ • 

-:7 7 ; ■•-7 ■ " ■ 7'' " ' . ■ ' 

■ ■ t , :• -■.■'■ ■ . ■ 'L - - 

■ • . 7"4/' • •. 
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Tlicn, on the side ne\t the sun, llio newly fonned nucleus begins to 
,»iml jc«l4 null stroainois of light, oi to lluow oil moio oi loss «vm* 
me ti hull envelopes, wlmh fob 

low om'li oUiot eonceiiti leallv ^^H'7 

nl iiitoivnls of some hoitis, e\- 
(innilii)g mid glowing liuntoi 

jm lluiy ascend, until tliov arc '7''® 7 L |$ . 7 '® : 

lost 111 the genoinl nebulosity V ‘-S' |ajH |%$9 

nlnidi foiuis the head 3>ui- 

ing these pioeossoB the mieleus 

csmlinimUy ehaugoH in bed- 

lmuey and magnitude, usually 

glowing smaller and bughlei 

jnsl, before the libeialien of |H I 

en\elope When me 

tin own olf, the nucleus seems lf((l 5Q0 _ robllllU , (V , mLt| 1881 (Common) 
to oscillate, moving slightly 

from side to side; but no evidences of 11 continuous lotntion have 
ovoi heen di-ooveied The two iigiues, !‘J 9 and 200, represent the 
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heads cf two comets which behaved qnlla dlJTmmMy. I'ig- 1WS) in 
the head of Doimti’e comet as aeon on Oet. fi, IHfiH. TIiIh comet 
was characterized by the quiet, orderly vigor of I In notion, it did 
very little that was anomalous or ornitlo, but behaved in nil ruHpoets 
with perfect propriety. The systimi of onvolopoH In the head of this 
comet was probably tin; most Hyniinetrioul mid biuiutlHd over unrii. 
Fig. 200 ia from a drawing by Common of llm lumd of TcIiIhiII'h 
comet in 1881. Tills enmot, on the other hand, wan always ili>iii|? 
something ontr^ throwing off jets, breaking into fragments, and, in 
fact, continually exhibiting unexpected phcmomomi. 

728, Formation of the Tail. — Tlui material which in prujia-lod 
from the uncle us of the comet, uh if repelled by It, is also iV/Wfwf 
by'the.&iw } and driven backward, still'luminous* lo form the train, (At 

least, this in ihu iippmmnieo.) Fig\ 
201 shows the nmniier In which the 
tail is thus supposed to he formed. 1 

Tho rtmoarclnm of HchhcI, Norton, 
and especially the lain Invaslign- 
tioiiB of the Husshm Hrcdleliin, linvo 
shown that UiIh theory— that I In 1 
tail Is compound of matter roprlloil 
hy both the comet and the huh- 
not onlyacconntH for tlm pJiimoincitu 
in a ijimmil way, but for nhiuml, all 
the • dot-nils, ami agrecH mallieiiml - 
^ t}Qh icially with tlio olmerved position 

Fonumlou of a OomeLi Tnll by MrUci* lllttgllltlldo of lllO tall Oil dill 01*" 

expelled from ibo Howl. Hilt (IntON. 



Tho re polled parti olea arc still sub jo at In the Hinds gravitational attraction,, 
and the effective force acting upon thorn is therefore the dlllWenco bniwrou 
the gravitational attraction and the electrical (?) repulsion. Thin tltffh^nro 
may or may not ho in favor of tho attmetiun, hut . in any case, the smi^ 
attracting force is, at least, lossoned. The eoiisequenco In that those rnpnllml 


1 Other theories of comets' tails have been present, and have had a certain 
currency, t iconics according to which tho tail Is a more "hmiinmm Hlmilmv " n t 
he come , so to speak, or a swarm of motcora. Ihu nil thi-Ru thmirlcH bivuk 
et0 .‘"II.! 8 l d0t H J hCy f "" M<:0llnt for th0 Pl«omnnoim cf Ji-Ih, t>nvi>h.|n» a 

tha ou , :? i " ,0y { "™' 1,0 •U’lvriiilmitldii 

or the outlines and curvature of the toll, 
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particles, as soon as they got a little away from the cornel, begin to move 
around the sun in hyperbolic 1 orbits which 
lie in the piano of tho comet's orbit, or 
nearly so, and arc perfectly amenable to 
calculation, 

Tho tail is simply an assemblage of these 
repelled particles, and, according to theory, 
ought, therefore, to ho a sort of flat, hollow, 

1 lorn-shaped cone, as represented by Fig, 

202, open at tho largo end, and rounded 
and closed at tho smaller one, which con- Frn. 20 ?, 

taillS the nucleus* A Comct’a Tall as a Hollow On-no* 



729. Curvature of the Tail.—Tho cone ie curved as shown, 
because the particles repelled still return their original orbital motion, 
so that they will not 1m arranged along a straight line drawn from 



Pm. — A Coinot'B 'full at Different PuIntH Ik Ur Orbit nomr Perihelion. 


the sun through tho comet, but along a curve convex to the direction 
of the comet’s motion ; but tho stronger the repulsion, the leas will 
be tho curvature* Fig. 203 shows how tho tail ought to lie as tho 


1 deferring to the formula for the semi-major axis of an orbit, yIb., 



wo sco llmt a repulsive force acting from tho sun diminishes U (which measures 
tlio sun’s attraction), and the consequence is that If the unrepellod particles are 
describing a parabola (in which case U' 2 =s l 73 ), then for tho repelled particles the 
denominator will become negative (f/having been made smallor than V by the 
repulsive action), and thus a will also become negative, so that the orbit for a 
repelled particle will bo a hyperbola, 
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comet rounds the perihelion of Its orbit. According to tins theory, 
the tail should bo hollow 9 and in the oaso of comets when at their 
brightest it usually scorns to bo so, the centra being darker than the 
edges. 



FlO. 204. 

Slight Centred Tull of.Coggin'R 
Comet, Juno, 1874. 


730. The Central Stripe in a Comet's Tail. — Very often, then* 
is a peculiar straight, dark stripe through the axis of tin* tail m» 
shown in Figs. 199 ami 200 of the head of Doimti’s and TuhlmH'n 
comets. It might be mistaken for the shadow of the nucleus if it 
were pointed exactly away from the sun ; but it is not, usually making 
an angle of several degrees with the direction of a true shadow. 
Sometimes, however, and not very unfrequently, Urn tail him a hn'yht 

centre instead of u dark one, perhaps on 
account of the feebleness of the comet's 
own repulsive action 5 in fact, this scorns 
to he usually the case when the comet 
lms reached a considerable distance from 
the sun in receding from it, and oflen it 
is so when the comet is approaching liie 
sun, but is still remote, as in the case 
of Coggin’s comet shown in Fig. 201 . 
In such cases the tail is generally faint 
and ill-defined at the edge, with a contra! spine of light, and in Home 
cases it becomes apparently a mere slender my, of less ditunolcr 
than the head of the comet itself, This, however, is unnmnd. 
Hie explanation of this kind of tail requires u slight modification of 
the theory, so far as to admit that the particles at first repelled by 
the front of the comet are afterwards attracted by it, though htiil 
repelled by the sun. 

731. Tails of Three Different Types. — Hredicliin has found llml 
the tails of comets, may bo grouped under three types : ™ 

L The long, straight rays. They are formed of matter upon which 
the sun s repulsive action is from twolvo to fifteen times us great rut 
tie gravitational attraction, so that the particles leave the comet wi 111 
a relative velocity of at least four or five miles a second; and this 
velocity is continually increased as they recede, until at last it becomes 
enormous, the particles travelling several millions of miles In a day. 
The straight rays which are seen in the figure of the tail of DonaU’s 
comet, tangential to the tail, are streamers of this first typo ; as nlao 
'nas the enormous tail of the comet of 1861. 
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2 , The second I 3 pc is the cmved, plume-like tiam, like the 
principal tail of Doiuiti’a comet In tins type the lepulsive foxce 
vanes fiom 2 2 times giavifcy (foi the pai tides 011 the com e\ edge ot 
tlio tail) to half that amount for those winch foim the ninei edge 
This is by fai the most 
common type of conn*- I 
liuy tram 

Jl A fowcomotsshov. 

Itultt of the thud t\pe, 

—-shoit, stubby bumb- 
oh violently cuiYod, and 
due to matter of which 
the lopulsnc fmee is 
only a filiation of gmv- 
lly, — 1 1 oin / 0 to ]. 

732, Acooiding to 
Ibediehui} the tails of the 
ibrtt typo aie ptnimbly 
composed ol Ju/(ho(/en f 
those of ihe second typo 
ol koi ne htfthoctnhan 
mid those ol the thud ot 
turn vtipm, with piohably 
mi admix tine of sodium 
and othei main mis 
Tlieio 1ms been no op 
]>oitunity since Ihodiclun 
published this lesidt to 
tent the imittei speotio 
Hcdpically foi (nils of tho 
111 at Lind thud types, by 
looking bn the lines of 

hvdiogen and non, The i 

hjdioge.l *** «® F, ° ” — BU'dlflbln’’ Tluoe Tjpes of Cotuetaiy Tail, 

always veiy faint, and tho t t 

tailH of (ho Urn d claw mo uncommon. Tails of the second type, nine i ai 
1 High lost and most usual, do show a hydiocatbon spectium lluoughout then 

onlno length, and so fm conftim his view 

Tho liaison foi tins conclusion of Bicdiclun is that he suppo 
icpulHivo foico to ho n mface action, tho same foi equal smfftces of any^km 
of matte.! tl.o effective accelmatmg fmee, tl.oiefoie, measmed by thoie octy 
it would pioduco, would depend upon the talto of swjace to mas m the 
, JS, J.M »d ,n h„ tow, should bo .»»»>>■ 










416 


OOMKTH. 


to thoir molecular weights. Now llm molmmlur weighs ol hy'li'ngi'ii, 
hydrocarbon gases, and of tho vapor of iron, hour in eiiah nlher jusL uhm»l 
the required proportion, 

733. Naturo of the HepuMve Force. — Ah to LIiIh wo Imvo no fur 
no absolute knowledge. AVliilo the old “ unrpiiKuulnr Mii'nry nf 
light' 1 held its ground, many thought that tlm apparent rupulNlon wih 
due to the actual impact of the light o.orpUHclcK. Silicon tho ulmutlon- 
incnt of this theory, others have tried to llnd it In tlm 11 impulse" of 
tho light and heatwaves of tho etlmr, without, however, explaining 
how such waves could produce any such , Impulsive iidlon. No 
experiments show any such carrying powor of light or any presNUiv 
produced by its Impact, although when ('rooken Hi'hL invimfud libi 
radiometer he aecim to have thought ho had found it. On the whole, 
opinion at present strongly inclines to tho view long ngo miggimlrd 
by numerous speculators, but specially worked out mid enforced by 
Zdllner; namely, that tho force is akclruud; and Home miMiorlUeH ««f 
such emlnonce as Dr. Huggins and the late lVofonnor lVJmi Imve 
asserted it positively. Tho difllculty Ih that wo have no evltlenee Hitti 
the sun is electrically charged, nor do we know how It could iinpilic 
a charge. At tho same time, tlm mujeertUoimhle nmijmlw olVcrlH 
produced- upon tho earth by Rolnr clluliurlmnooH rather Ihvor I lie belief 
that there must bo also a purely electric reaction between tlm huh urn I 
its attendant bodies. 

A singular theory has boon proposed by Zenker, dial tlm repaint m i* 
due to the roaction produced by rapid evaporation on (lie Hiniueo of ilu< 
little solid and liquid partlclos of which he supposed a eonief in coiihIh! : ihU 
evaporation would, of course, bo most vapid on' llin side of llie jmvl ieles hex I 
the sun, and would causo u recoil in tv maimer anal ngo uh (n Dial by wliirli 
the so-called spheroidal state of liquids Is produced mu a heated surfn.v, 
Ranyard has suggested that tho comotary particles may consist pritndpullv 
of- minute liquid drops or frozen “Imll-HtouoH ” of cwrluiu liydnicarlimm 
which evaporate rapidly id a vory low tompemture (such iis rlilgnlinl¬ 
and its congeners). 

734. State of the Matter oomposiug tlie Tall. — Tills also In n uub- 
ject of speculation rather than of knowledge. Porlmpu tins Himiilvat, 
supposition is that wo have to do with gaseous matter rare lied even 
beyond tho limits of tho gas contained In CrookeH’s tidies, —so rare 
fled that since its molecules no longer suffer frequent collisions will, 
each other, It has thus lost all tho peculiar mvchmtml elmmotcrls- 
tlcs of a gaseous mass, and become a mere cloud of separate! purl I- 
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cion, each particle consisting, however, of but a single molecule. 
Spectroscopically such a cloud would still be gaseous, but. from a 
mechanical point of view extremes would have met, and this most 
tenuous gas would have become a cloud of finely powdered solid. 

73G, What becomes of the Matter thrown off in Comets’ Tails.— 
To this we have no certain answer at present ; but if the theory 
which lms been stated is true, it is clear that most of the matter so 
repelled from comets can never he re-gathered by the nucleus, but 
must he dissipated in space. 


Whenever a planet meets any of the particles, it picks them up, of course, 
as it picks up meteors; and Newton long ago suggested, what has of late 
been forcibly dwelt upon by Dr. Starry Hunt, that in this way the atmos¬ 
pheres of the planets may he supplied with material to take the place of the 
carbon which has been absorbed and fixed by the processes of crystallization 
and of life. Otherwiso it would seem that the processes now going on upon 
Um earth's surface must necessarily in the course of time deprive the atmos¬ 
phere of. all its carbonic acid. 

If this view is correct, it follows that such pomets as have tails lose a 
portion of their substance every time that they visit the sun. It is quite con¬ 
ceivable, also, that the processes by which light is excited in the head erf a 
comet may use up and vender unfit for future shining, a portion of its 
material; so Uml, as a periodic comet grows old, it may become both smaller 
and less luminous, until Anally it ceases to be observable. 


736. Anomalous Tails and Streamers. — It is not very unusual for 
comets to allow tails of two different types at the same time, as, for 
instance, Donate comet. But occasionally stranger things happen, 
mid the groat comet of 1744 is reported to have had six tails diverg¬ 
ing like a fan. AYinnccke’s comet of 1877 threw out a tail laterally, 
making an angle of about 60° with the normal tail, and haring the 
smme length,—-about 1°. Pochtllo’s comet of 1880 (a small one), 
1 maid oh the normal tail, had another of about the same dimensions 
directed straight towards, the sun; streamers of considerable lengj 
30 directed are not very infrequent. I lie groat comet of 1 

nnnlM » number o( v-UlcU M U n,»n »ned In U 

more nftrtUmUir description o! ttat Uoilj, wind, is to follow, 
of these anomalies arc as yet entirely unexplainer. 


737. Nature of Comets. - It is obvious from wlmt lms been sm\ 
that wo have little certain knowledge on this subject; u P ei 1 
wn tun met pr.tabl. U,pattens is th, an. tvU.nl, Us. bssn 
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hinted at repeatedly,— that a coniot is, as Professor Newton 
presses it, nothing but a 41 mnd-hanb ’*; /.<?., a swarm of solid purl I - 
elos of unknown size and widely Hoparutod fsay pln-hcads hcvoihI 
hundred foot apart), each particle carrying with IL an envelope of 
gas, largely hydrocarbon, In which gas light is produced, eillier l\v 
elcctrio dischargos botwoon tho particles, or by some other light' 
evolving action 1 duo to tho sun’s Influence. 

This hypothesis derives Its chief plausibility from tlm modern dis¬ 
covery of the close relationship between meteors and cornels, to he 
dlaciiBscd in tho next chapter. 


738. Origin of Periodic Comets. —It Is obvious UmL (lie eninot-s 
which move in parabolic orbits arc, as lias been said already, mere 
visitors to the solar system, and not citUoiiH of It: hut as to those 
which now move In ollipticml orblls around tho sun, returning ns 
regularly as planets, It is a question whether wo tiro to regard Omni 
as native-born, or only as naluraliml. Did they originate In llm 
system, or arc they captives ? 


739. Planets’ Families of Comets. —■ It is quite dear that In some 
way or other many of them owe their present status In tlm syslem In 
Jupiter, Saturn, and the other planets. In Article 70:1 wo milled alien- 
tlon to the fact that, without exception, nil the Hliort-perlod rounds 
(/.e., those having periods ranging from three to night years), puss 
very near to Jupiter’s orbit at some point la their paths j and limy 

are now recognized and spoken of as Jupiter’s family of .nets, ■ - 

sixteeu of them in all, at present known. 


Nine of the alxtoon aro in tho table of comets whoso returns have hn-u 
nafcualiy observed more than onco. One of the others wuh LoxuII’n ei»]|i , t, 
which was removed from tho range of observation by Imlug Ihrowa lain a 
new and larger orbit by Jupiter in 1770; and two nvo comparatively rei'iml 
discoveries, whoso returns aro soon oxpectorh 'rim oblinv four liavn fulled In 


1 Sorae have aaerlbod tho light io the collisions between tho lltllu hIhiii'n hT 
which they ABBunie tho comet to be mndo up, forgollfug dint, although thn <ilW- 
lute velocity of tho cbmct Is extremoly grout, tho relative YitluelUuH of It* ran 
ailment itmsaos with rofereiioc to ench othor must bo very slight— fur loo Hinnll 

n P ^? n !! y t0 nCC0U r Tlt for oomllhrMQ Oso of to inpern mre or cruliulmi of 
light in tliat wny It s porliaps worth comdilorlng whether gjiBcn in tlw mtm inn y 

hi .IT Tn y ^ ,ll,0UB at a muol) tompomturo thn., lm R uninllr 
1 d ' 1 W0 ? ,<1 acom not Iniprobnblo a priori tlmt m ovory lumpurntim), 
every wavo-lengtli mutt bo omitted In sotno tlouroo j r\«„ llml nt (in y 
itmptraturt about At abtofnit zon no body i, absolutely * 
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h« observed at> second and subsequent returns for unknown reasons; quilts 
possibly for tlm aamo reason, whatever that may be, that has deprived us 
nC Hick's comet. 


Similarly, Saturn is at present credited with two comets, one of 
which is Tuttle's comet, givon in the catalogue of periodic comets. 
Uranus stands sponsor for three, — one of them Tempers comet, 
which is very interesting in its relation to the November meteors, and 
In expected back in 1900, Finally, Neptune has a family of six. 
Halley's comet is one of them, and two of the others have been 
observed for a second time since 1880; the other three are not due 
cm their second return for some years to come. 


t 740. Origin of Comets: the “ Capture" Theory. — The generally 
accepted theory ns to the origin of these comet families is that the 
comets which compose them have been captured by the planets to 
which they now belong, 

A coinet entering the system from an infinite distance, and moving 
hi a parabolic orbit* when it comes near a planet will be either 
accelerated or retarded. If accelerated ^ its orbit becomes hyperbolic, 
ami that in the end of that comet so far, as the solar system is con¬ 
cerned ; it never returns for a second observation. If, on the otliei 
hand, it is retarded) tho orbit becomes elliptical, and the comet will 
return at regular intervals, moving in a path which, of course, always 
piiHRCH through tho point where tho disturbance took place. 

It is true, as Hr* Proctor has pointed out, that the attraction of 
Jupiter, huge as is his mass, could not at one effort transform a para¬ 
bolic orbit into an orbit so small as that, say, of Biela's comet. But 
It is not necessary that tho thing should bo done at one effort. Ihe 
comet’s orbit lies near to Jupiter's, and after a lapse of time, Jupiter 
and tho comet will be sure to come alongside again: the comet may 
then 1)0 sent Into ft hyperbolic or parabolic orbit, — the chances for 
such a result arc nearly even;-but it may also have its velocity « 
second lime diminished> and Us orhil made still matter! and this may 
bo done over and over-again unlimited^, until the aphehon oC t 
•comet falls at suoh a distance within the orbit of Jupiter that the 
planet is no longer able to disturb it seriously, Giro.i time enoug>, 

ZStfLZS* ZmT'Z-r » 

onormnus. 
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It may be added that the results of the* recent lnvortUgalhmH of ITnfi'NHnr 
Newton of New Haven upon tho nature and dUtrllmlion of comidury tirhila 
are favorable to tlio hypothesis Mint coincls coimi into I lie aolur nysIoiii from 
outer spaco, and do not original*) within it. 

741. The 11 Ejeotioii ” Theory, 1 —Air, lVontor 1ms miggonh'd, mid 
vigorously defended, a very difForent theory, — that comets tint wa.wc* nf mutin' 
which have been thrown off from (he h envoi ft/ bodies hi/ eruptions oj some sort ; 
that tho.comots of Jupiter's family, for instance, once formed u prirlinii of 
its mass, and worn at some time ejected with a velocity kulliuleiib in net linen 
free in space; and that many of the parabolic cornels mny have linen aim- 
\ ilarly ejected from our own, or from other suns. The main dilllruUy with 

j-f this theory ia that there Is no evidence of the necessary eruptive energy in 

Jupiter, or in any of the pianola. A hotly would have to leave l-lie upper 
surface of Jupiter’s ntmosplioro with a velocity exceeding thirty-live miles 
a second, in order to fulfil tlio conditions of the problem, imd Imconm 
independent of the parent planet, 

It cannot bo said, however,* that them Is any special mivhumcnt dlllhmll.y 
in supposing that sonio of the pimihalh coinots may own their origin lo 
eruptions from distant suns. Our own Rim unquestionably honml lihCH ojeids 
clouds of matter (in the form of tlio Rolar prominences) wllli onoi'imum 
velocity, perhaps in some oases fin file ion fc to send (hem oil Into njmn\ Uni 
bo far os wo can make out from the Kpeetrosaople evidence, the uuilcrlal of 
comets Is not Identical with that of the. prominences. 


742. Remarkable Gomete, — (1) Halley's OomvL Thin wuh tlio 
flret periodic comet whoso return wiis pmllutud. Iliilluy bused bin 
prediction upon tho fact that Jio found Its orbit In 1IIH2 to bo nearly 
identical with those of tho comots of 1(107 ami 1/5111 1 which Imd been 
carefully observed by Kepler mid Apian ; and hn also found vm-ordn 
of the appeamuco of groat oomota in Midi, In 11101, in ] J,|fi an d 
1006, which would correspond na regards tho tlnio-lnturvalu eoiumnied, 
though data woro wanting for an neaiirato uuleululhm of tlioir orbits. 
He noticed, of courso, that tho two bitorvalw between 1BJU ami 1007, 
and between 1007 and 1682 woro.not quite equal j Imt he luul migne- 
ity enough to see that tho difference* were no greater than might bu 
accounted for by the attractions of Jupiter imd Saturn, 


The theory of perturbation was nob then Buflloicmtly dtivoloiHid to make it 

w th rff? Juat w,mt ti * orf ° ot wm,i<l11,0 ^ 

* tho °°' not > ln,t 1,0 that tho notion of Jupltor would 

at whloh £ Ir 'S 11x0(1 U1)0n 11,0 on,,, y port Of 17fil) nn tlio .. 

whloh the comet might he expected, Iteforo that (late, Imwcmir ninth- 

ZZ M tho v adV H 1Ce p d that 1)1,0 nocon9(u 'y oalonlatioiiH Roulil lu/nmdo. 
Claiiftut, na tho reault of a moot laborious Investigation, fixed „ 11(I|1 April t'! 
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foi ll.o i>ei itiHioii passage, but in publishing his lesult, he lemaiked that 
1 . miglit easily ho a mouth out of the way owing to the imceitainty as to 
thn musses ol llm planets, and tho possible action of undiscoveied planets 
luiMiiut hiitmn (Uiamm and Neptune weio then unknown). The comet 
not unity unite to penhohou on Mjuch 111 At this letuin it was best seen 
m the floullimn hmmsphcie, and at ono tune liad a tail neaily 50° long At 
Us next i ‘turn, iu 18.15, it came to the picchcted time within two days 
It did not appeal on this occasion as an oxtiemely bulliaut comet, but was 
luiisoimblv conspicuous, with a tail of the fiist type (hydiogen) about 15° m 
Imigih 

T(s next latum Mill occui m oi about 1911, but the necessaiy calculatioub 
lunn not v»l been nmdo to dotenmne tho date with accuiacy, 

r L'he most lemaikablo of its eailiei nppeaiances Meie in 1066 and 1456 
dim comet of 1006 figmes on the Eaycux tapestiy as apiopitious omen for 
William llie Coiujiunoi (of England) In 1455 tho comet, accoidmg to 
pupuhu belief, was fomially excommunicated by Pope Calixtus III m a 
bull dnwlcd mainly against tho Tuihs, who weie then thioatemng eastern 
ISuiopo It is doubtful, howevoi, whcthei euch a foimal bull was> evei leallj 
pi oimdgiiloiL 

743. ( 2 ) JUnohe's Gomel* This is interesting ns the fiibt of the 

Hhorl-pmiod comets, and also as the comet having the shoitest known 
lime ol l evolution,—only about llnee yems and a half, Encke 
Ih Hi delected its pcnodialy m 1819, but it had been frequently 
obneivod during the preceding llfty yeais, and has been obBeued at 
almost eveiy loliun mneo then It is usually visible only in the 
lidoHcopUi though Homotimcs, under vciy favoiable cucumstances, 
it can ho seen by the inked eye, with a tail a degiee oi two 
long. It in often inegular in foim, and “lumpy,” and seldom 
shows a well-defined nucleus; nor does it exhibit very much that 
Is IntoiesUng in the way of jets, envelopes, and othei cometaiy 
flunks. Wo have already mentioned its lemaikahlo contiaction m 
volume on appionching the sun (Art. 715), and the piogiessive 
hIidj idling of its period, which has been asciibed to a resisting 
medium (All. 710). 

744 ( 8 ) IhnWa Gomel* This is also, oi lather was, a small 

comet with u ponod of 6 0 yeais, — the second comet of shoit penod 
in older of discovery Its lnstoiy is voiy liiteiesting. It was dis- 
eovoied in 1820 by Biela, an Austium officei, and its pel iodic chai- 
nclci* was soon detected by Oamhait, whose name is connected 
with it by many French authouties. Its mbit comes within a 
v<ny few thousand aniles of the eaitil’s cubit, the nearness varying, 
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of course, from timo to time, on account of perturbations. Tlio 
approach is often so close, however, that If the comet and tho oorlh 
were to arrive at the nearest point at the same timo thoro would be a 
collision, ancl the earth would pass through tho outer portions of tho 
comet's head. At the return of the comet in 1832, some ono started 
the report that such an encounter would occur, and In consoquoiicu 
there was something hardly short of a panto in southern Franco, tho 
first of the since numerous u comet-soares,” At this timo tho comot 
passed the critical point about a month before tho earth reached it* 
bo that tho two bodies wore never really within If),000000 mltou of 
each other. 


74ti. At tho comet’s next return In 1839 It failed to bo obaorvod on 
account of its unfavorable position in tho slcy; but In 1840 It duly 
reappeared, and did a very strange thing, bo far unprecedented. It 
divided into two! When first seen on Novombci 1 28, It pro sen ted the 
ordinary appearance of any newly discovered comot. On Doc. 
19 it had become rather pear-shaped, and ton days later It had 
divided, the duplication being first soon in New Haven, and soon 
after at Washington, some days before any European astronomer 
had noticed it, 


The twin comets travelled along aide by side for moro than four months, 
at an almost unvarying distance of about 190,000 miles, without showing 
the least sign of mutual attraction or disturbance \ but internally both 
comets were intensely ftotive, each developing a nuolous vory bright for a 
telescopic comet, with a tail some half a dogreo in length, and showing 
curious fluctuations of light, which soomod ns ft gomiral mlo to alternate i 
whenever comet A brightened up, comet B grew fainter, and vied verm. 
During a part of the time the two comets were connected by a faint are of 
light. 

When next the comet returned in August, 1852, it was under rather 
unfavorable circumstances for observation, but the twins wore both soon, 
now separated by about 1,500000 miles, * and travelling quietly in Ihoir 
appointed orbits. Neither of them baa over been soon again, although thoy 
oughMo have returned flve times, and more than onoo under favovablo 
conditions for visibility, , 

t 740. But the story is not yet ended, though the remainder nor- 
bap B belongs more properly in the uoxt chapter of our book. 

., ° of Nov. 27, 1872, just us tho earth was passing tho 

shower ° k A *r °n V™*' Bl ‘ e enoomiterocl '«■ wonderful motcorlo 
shower. As Hiss Gierke expresses it, perhaps a little too positively, 
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u It became evident that Biela’s comot was shedding over ub the 
pulvenzod pioduols of its chsintegiution ,M 

Tho same thing happened again ui November, 1885, when tho 
eat til ouco moio passed tho corners path 

The mcteoia of this so called Bicltd swtum, ui then motion tluough 
tho sky, all appear to come fiom a point in tho constellation of 
Ancliomerta, and au* thciefoie sometimes called tho Andiomecles,” 
and their motion m paiftllel to the comet’s mbit, at the point wheio 
it lnteiscots our own, 

747 (1) Donates Oomet of 1858, This, on the whole, was per¬ 

haps the llncst (though not tho hugest oi tho most extiaoidmniy) of 
the comets ot tho piescnt oentuiy, having been very favorably situ¬ 
ated for obscivaliou in tho October sky, 

It was discovered at Floionco as a telescopic object on June 2 It did 
not, liowovGi, become visible to the naked eye until neni tho cud of August, 
when it began io exhibit the boiuitilul phenomena which have made it, so 
to speak, tho nonnal and typical comet Tho comet lmd an apparently 
well defined nucleus* which vaned in diameter at difloiont times fi om 500 
miles to 3000, Foi Rovoial weeks the coma exhibited jn unnvalled peifection 
tho development and bIiuoLiug of conconfciic envelopes, Its tail was of the 
second oi hydiocmbon typo, with faint tangential stionmeis which belong 
to the fust or hydiogon type, it had a maximum appaient length of about 
n0°, and was somo 6° oi 0° wide at the oxtionnty, and its leal length was 
about 15,000000 miles, with a width of 10,000000, The object was kept 
nuclei aecuiale obsoivation foi fully mno months, so that its oibit is unusu¬ 
ally well dotoimined as a veiy long ellipse, with a periodic time of neaily 
2000 yeaia Figs, 107 and 100 show its pihicipal foatiues, 

Oui spacepounds us to cite in detail only one othei comot,—- 

748. (6) The Giectt Comet of 1882, which will always be lomorn- 

beicd, not only for its beauty, but foi the great variety of unusual 
phenomena it pioscnted 

Discoveiy and B) iqhtness The comet seems to have been fust 
seen as a naked-eye object by some one whose name is not given, at 
Auckland, New Zealand, on Sept 3. By the 7th or 8th it had 


1 '* Hist Ast in 10th Ceil tiny " p 881 It is probable enough that tho meteors 
uero really the product of the comet's ** disinlegiation’*, slid it is by no means 
coitnln It is, of comsc, beyond question that they hear sowe relation to the lost 
comet 
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Income somewhat conspicuous, mid aviih obmirral both «t Conlovfl 
(South America) and at tint Capo oi* (:Sood llopu. It wmh l.nli k £rnplir<l 
to the northern JiomiBphoro by Cnils, of Ulo Jiinoho, on SrpL 
11, but was not seen in tho north until Urn day wlnm il |m*mul Uh 
perihelion, Sept. 17. It was fclnm imlojumiluiiMy dirtroviM'i’d by 
Common, in England (who had not huiml of (’ruin’s Lult'gntm), in 
broad daylight, within 2° of the min; and tho next day it wim simi¬ 
larly discovered by a number of ohsorvors, oHpooially by Tho lion • ut 
Nice, who observed its spectrum in full sunlight, and imuimiivil fbr 
displacement of Lho sodium linos produced by its motion. It wim so 
bright that there was not the slightest difllcnlt.y In seeing- it by simply 
shutting off tho ami with tho hand hold at arm’s length, 

749. Transit aoross the Sun's Disc. —On llm ul'tornnim of l ho ITU., 
its approach to tlio sun’s diso mid actual itoiiluot with it was olmorvod l,y Iavu 
persons at tho Capo o£ Good Hope, with Llm sanm tohiHCopo ion l limit g'lii'is.v* 
ordinarily used for observing sun spots, Tim eon ml seoinml lit 1 m no In Iglil 
ns tho anil’s surfneo ilsolf, mid was followed right up to llm miiii’h litiil>. 
where it vanished so utterly that tho observers suppose)I Unit it luul poito 
behind tho sun. On tho contrary, however, it passed dlreelly noruss I ho nun' > 
disc, but absolutely invisible; there was not l!|o least truoo i.f it uptm l|n- 
sun s surface, bo Hint wo must suppose it lo have lieou sensibly triiimpinviil. 
It must have travorsod tho diso in less Limn (llteon lii'nmtes, tluoi^li unfriendly 
clouds prevented the observation of iLs exit, For four days tifler llm p.ii 
liolion pnsBngo it remained stilt visible to tho eye by daylight, ()u Hopl. u*Jd. 
a French obsorvor in Pnrtoasoondeil in a balloon to observe it, mid simceoiM 
in seeing it, but not iii gotting any vuluiiblo results, A. few days iii.oit 
carnod it so far from Llm sun tlmt It Isiuamo a iiiagullleent <»li|<uii fur llm 
hours before sunrise. 


Member of a Comet Group. —As 1ms boon ntuloil t.of.nv 
(Art. 705), its orbit —at least, that portion of It within (lie mirlliV 

orbit —coincides almost exactly with the orbits of three oilier ... 

belongmg to tho sumo group; viz,, the comets of 10(18, 18 |!l, JU i.| 
1880. The salient puculiavlty of these orbits lies in tlm clnmmrxs nf 
their approach to lho mm, tho perihelion tlistm.ee of on. li of II,.-in 
e ug ess than i50,000 miles, so that tlmy nil piiHsetl wltliln :illl),(lt)ti 

sui ' fac!o ’ ni,d wuh a vMt y purii..-ii<.„ 

• , nillGS * )or BOC01K li ntHl carried them through 18(1” of 

T tlmi1 tlU ' C0 lman ' Am1 • VQt > tl 'l» through 

the sun s coronal regions did not disturb tliolr motion In the IuukI , ,, H 

frora°t| n T ' Q ^ t,IG ° f tl10 C0,nRt 011 1882, (lot III mu | 

fiom the observations made before the perihelion pmmatfo, ngrmm 



oxtu'llv with that deduced fiom those made alto it The mfeienee 
m to the ovliemo nuily ot the sun's coionn is obvious Only one 
othen comets Newton's comet of 1680-luis em appioached even 
lieu! ly us close to tlio sun as the font comets of tins gioup 


l ho cornel < oiitmued visible until Muicli, and this long peuod of obsoiva- 
liort enabled the .oniputeis to detcimmo the oilnt with a g.eatot deo.ee of 
iiMiiuicy (linn is usual They all agieo m nuking it a veiv elongated 
ellipse, uilli ft pciiod tunging fiom 050 yeais to Sill veins, accouling to 
'(Kl.'inil ioinpuleiH Fit. !t(M» lipitwids (lie tuim 0 l the oilnt and the 
way m winch its plane .s idated lo tin mbit ol the eaith 



761 Tolesoopio Features — When the cornel hist became tele- 
Hcoptonlly observable m tho morning sky it picsentecl vciy nearly the 
noumil appeal nnee Tho nucleus was sensibly circular, ami there 
\ymo it number of clearly developed, concentno envelopes ru the 
bmtl, the (lark, tthndow-liko stupe behind the nucleus was also well 
tmukotl. In a few clays the nucleus became elongated, and finally 
Hludohed out into a lengthened, luminous etieak some 50,000 miles 
in ox ton l, upon which there were six or eight stai-liko knots of con¬ 
densation Tho largest and hughtest of these knots was the thud 
fiom the forward end of the lmo, and was some 5000 miles m 
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dinnioMr. Tills "string of l»nrl»’' wnillniml .. J“J""’j 

,l,ocomet visible, until »t Inst U» !"««<* ,1, ,1 l«M»*• | ' 

This fact, of course, made it dtlUcuit to tlx upon tU< I* < ■ 
bo observed in determining tlio uomioI’h position. , , 

When the nucleus drat broke up in this way, the dure h ••'l'" ' 
it was still conspicuous, making, howover, a slight ang « " 1 ' 
of nuclei. A bright streak followed the line ol nun ei, urn 11,11 
days this seemed to encroach on and to obliterate Hie dm <■ bIuju , m» 
that after that time the backbone of the comet's tml became lulphl 
instead of dark, ns it had boon previously. The engraving (1- ig. 



Oci. 0. 


(hi, 15. 


Flu. 207. — T)io limit! of Ifcio Ovoul Oo»u?l of IHK'j, 


represents the telescopic appearances at Prinautoil on Out. U anti !»*■ 
The comet continued to be visible with the tohmoope until it wii* 
more than 470,000000 miles from the earth, a dmtuuoo to wlthdim* 
other such object has ever been followed, except the single! round nf 
1729, — the one whoso perihelion distance exceeded four lliiirn ilo? 
earth’s distance from the sun* 


752. Tail. — The comet was so situated thut its lull wtm mil. wn 
to the best advantage, being directed nearly away from tlio mirth, h 1 
never having an apparent length much exceeding !lf>°. lit thin iwpwl, 
it has, therefore, been often surpassed by much inferior coiuutM, Tlio 
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suttiml length oi! the tail, however* at one time exceeded 100,000000 
milen, —jm#ro Huut the distance of the earth from the sun. It was 
ol tlw HiHHtml or hydrocarbon type. 

A unique and so fill utterly unexidained phenomenon was a faint 
uf.ru ightrwlged beam of light, or “sheath" that accompanied the 
oomoli, enveloping the hwul and projecting three or four degrees in 
front of it, an shown in the figure (.Fig. 208 ). Besides this, at dif- 
forunl; timos, three or four irregular shreds of coiuetary matter were 
dotoeted by Hohmidt, of: Athens, and other observers, accompanying 
t in* emmd; {it a distance of three or four degrees when first seen, hut 
gradually mewling from it, and at the same time growing fainter. 
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blued notion o£ the sun's gravitation and lopulsimi, and calculation nan nlmiv 

whbthor any of its fragments could lmve occupied tlui lwsltinn and liatl n,n 

motion possessed by these companion -comet s, 

lVo close the chapter with a few remarks upon a subject which 1 u*h 
been much discussed. 

763, The Earth’s Danger from Comets.—It 1 »uh boon Biipponwl 
that comets might clo ua harm in two ways,— uithor by actually Hhili- 
ing the earth, or by falling into the buu, ami thus producing nmili nil 
inorease of solar heat as to burn 110 up. 

As regards the possibility of a collision with a uomul, it in to bo 
admitted that suoh an event is posBiblc. In fact, if tin) oai'lh tuKl rt 
long enough, it is praotically sure to happen; for there nvo buybihI 
comets’ orbits which pass nearer to the earth's orbit tluui tho muni- 
diameter of fcho comet’s bead, and at some time the earth anil cornel- 
will certainly come together, Such oncounlorH will* however, 1)0 vnvy 
rare. If wo accept the estimate of Dahl not, thoy will oeour ill unit 
once in 16,000000 years in tho long run, 

As to the consequence} of bucIi a collision it is Impossible to Hpoiitt 
with confidence, for want of euro knowledge of the stato of figgi'epti- 
tlon of tho matter composing a comet. Jf tho theory pvoHontod in thin 
chapter ib true, everything depends on tho size of tho nopumto HrdUl 
partiolos whioli form the main portion of the comot’s muss. If tlu?y 
weigh tons, the bombardment experienced by tho mirth when Hli'iiuk 
by a comet would bo a very serious matters If, as soomn irnno 
likely, they are for the most part smaller than pin-lioada, tho mwH 
would be simply a meteoric shower. 

764. Effect of the Tall of a Comet into the Sun, — As rognrdn Uin 
effect of tho fall of a comet into tho sun i it may ho stated tlmt, oxuopl 
In tho case of Enoke’s comot, there Is no ovidonco of any notion gotti/j 
on that would cause a now existing periodic comot to strike tliu buii'h 
surface ; It is, however, undoubtedly possible that a comot may* imlrr 
the system from without, 00 accurately aimed that It will lilt Llm hum. 

But, if a comet actually strikes tho sun, it is not likely that tho lousi 
harm will be done, If a comet, having a mass equal to YwvVo'rr 
tho earth s mnss, were to strike the sun’s surface with the parabolic 
velocity of nearly 300 miles a second, it would gonomto about um 
much beat as the sun radiates in eight or nine hours. If th!» woro nil 
instantly effective in producing increased radiation at tho suirie mv 
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face (moi casing it, say eightfold, for even a single hom), mischief 
would follow, ol couise But it is almost ecilftm that nothing of tho 
sort would happen The comeUuy pailicles would pieice the photo- 
spheio, and libenito their lieat mostly below the »s oka suifate, simply 
expanding, by some slight amount, the sun’s dmmclci, and so adding 
to its stoio of potential encigv about as much as it oidinaiily expends 
m a tew r horns Theie might, and ven likely would be, a hash of 
some kind at the solai surface, as the sliowei of oometavy pm tides 
stiuek it, but piobably nothing that the astionomei would not take 
delight m w atehing 
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CHAPTER XVIII. 

MET ECUS AXI) SHOOTING ST A US. 

766. Meteors.—Occasionally bodies fall on Lho mirth from the 
sh.V, — masses of stone or iron which sometimes weigh several tons. 
During its (light through the sky such a body is called a meteor ^ nml 
the pieces which fall from it are called meteorite *s, or mrolitea (nil- 
stones), or urctnoWhs (heaven-stones), or simply meteoric atones. 

768. CiromnstancGB of their Pall,—The cironmBtnnci'H which 
attend the fall of a meteorite nro in most cases substantially an 
follows, If it occurs at night a lmll of flra in booh, which movnn 
with an apparent speed dopciuling both on its real velocity unci on tho 
observer's position. If the hotly is coming l Mioiul on ,' u so (o speak, 
the motion will bo comparatively slow; so also if it in yory disUint. 
lho fire-ball is generally followed by a luminous train, which mark* 
out the path of the body, and often continues visible for a long tlmo 
after tho meteor itself has disappeared. Tho motion Is seldom exactly 
straight, but is more or loss irregular, and every hero and there along 
its path the meteor seems to throw off fragments, and to change Hh 
course more or less abruptly, If tho observer is near enough, Hits 
iglit is accompanied by a heavy, continuous roar, aceontnntml 
by sharp detonations which accompany tho visible explosions liy 
w hch fragments are burst off from tho principal body. Tho iioIhu 
3 BOine ^ Iue B tremendous, and heard for distances of* forty or fifty 

If Ibo fall occurs by day the luminous appom-nneos nro, of course, 

pr ncipally wanting, and white clouds tnko the pbioo of tho Jim-bull 
and the train, 
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wltli nickel. Tlioio are also a good many eases of uiauohths, which 
uvo mainly stony, but have a couaideiable poition of non dissenn- 
nated through the mass m &iatns and globules, and neatly all the 
atony uranollths contain as much as twenty oi thuty per cent of non 
in the f01 in of sulphides 01 anulo^ouB compounds 

758, The only non metro)s which have been actually seen to fall so fai, 
and mo inpiesontod by specimens m oiu museums, aie the following — 


(l) 

Agnim, Bohemia, , 

1751 

(2) 

Dickson Co , Tennessee, 

> 1835 

0>) 

lh finnan, Bohemia, 

1817, 

(4) 

Tfth.ii /, Saxony, 

1851 

(0) 

Nojort, Aiabia, , 

lSGo 

(0) 

Nedagollali, India, 

1870 

(7) 

Maysvillo, California, 

1873, 

(?) 

Howion, Bluopslme, England, 

1870 

TO 

Kminoll Co, Iona, 

1870 

(10) 

Mn/apil, Me\i( o, , 

Nm 27,1885 

(11) 

Johnson Co , Aikansns, , 

1880 


Tho Emmett County non was mostly in small fingments, and along with 
thorn tlioio wei© many huge stones with quantities of non included The 
sopauito fiugnumts of puie non which icaohed tho eaitli piobably came by 
(ho Inealting up or tho stony masses. 

Besides these bon meleois which liaYO been seen to fall, oiu cabinets 
contain a voiy huge numboi of so called meteono lions, i e , masses of non 
found undo! such cnoumstmioes that they cannot easilj be accounted foi m 
any way except by supposing them to bo of mcteonc ougm 

769, Tim number of moleontos which have fallen since 1800 and 
been galliot (id into oui cabnmts 1 is about 250 The most lemaikablo 
falls m Urn United States have been the six following namely, Weston, 
Connecticut, 1807, Bishopsvlllp, So Caiolmn, 1813, Cabauus Co, No 
(Jaiolnm, 1810, Now Conomd, Ohio, 1800, Amana, Iowa, 187.), ami Em- 
imat (to*, Towa, 1870, In tho fust case and the tlnee last, se^eial hunched 
fmgmonls fell at Urn same time, ninging m si/e fioiu fhe bundled pounds 
In lmU an ounce, 

700 Tmnhj-fom of ilio sixty seven known chemical elements have 
been found iu meleois, and not a single new one, The mmeuils of 


1 1 ,| pda counliy the cnbiiu,ts of Amlicist College and Harvard and Xale 
ITnlvoiftitlOB me especially neii In meteorites Tlie finest collection in tlie world, 
hosvovoT, is Hint at Vienna The c olloction of the Bntish Museum is also note 
worthy, as well as that at lhuis 



m 


METEORS. 


which meteorites are composed present a great resombliuum to terms!ritil 

minerals of voloanin origin, 1ml 
many of them are periiliiir, im<1 
found in meteors only. (Tins 
study of these inoloorhi mill- 
orals is a very tmrious and im- 
porimtt bran (ill of minnmlogy, 
though naturally it has uni 
many votaries.) Tim neon si mini 
presence of oarlion ia to be* k)m*- 
cially noted, ami in a meteor 
which recently foil in llussia tlm 
carbon appeared to lm in a erys- 
tnllino form, idemtieal with the 
black diamond, though in ex¬ 
ceedingly miimtoparticles. Fig. 
200 is from a ]>hologTapli of a 
fragment of one of thntoioleone 
stones which fell at Ainauu,Town } 
in 1875, Tho pioturo is taken 
by tho pormisaum of tho pub¬ 
lishers from Professor LangloyV 
“Now Astronomy,” where Mhi 
body is d<?signate<I as “pari; of a 
Fragment of one of the Amnna Meteoric Slonon, comot.” 
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761. The Crust. The most characteristic external fonturo of mi 
aerolite is the thin, black crust that covers it, usually, lint not always, 
glossy like a varnish. It is formed by tho fusion of tho surface in tlio 
meteoi s swift motion through tiie air, and in somo cases penetrates 
c eep y into the mass of the meteor through Assures and veins. It is 
largely composed of oxide of iron, and is always strongly magnetic, 
ic crusted surface usually exhibits pits and hollows, such as would 
o pioduced by thrusting the thumb into a mass of putty. Those 
cavities are explained by the burning out of certain more fusible sub- 
stances during the meteor’s flight. 


762 Magnitude. — Of the meteors actually aeon to fall the lawrost 

x r: ?.■?*■*•? 500 ■>—* w 

much Wer , w the atln08 Phcre 1ms sometimes been 

___ _ s ’ 1 mpB> 111 a few 0flaG S » amounting to two or three tons. 1 

seoam^ 

to weigh fully sixteen Ts'iee l ^ »" is »M 

J " S - As legni(!s some of these hypothetical meteorites. 
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As seen from a distance of many miles, the meteoi 10 fh e-ball some¬ 
times appealh to lmvo a diameter as huge as the moon, winch would 
mdicato a leul duunotcu of sevcial bundled feet, The great appment 
si/c, however, is an illusion, paill\ duo to n‘iaduition, and paitly, 
undoubtedly, to the fact that the metcoi itself is stmounded by an 
extensive envelope of heated ail and smoke winch becomes lmmnous 
Uuoughout No meteoi evei yet investigated would mako amass as 
huge as ten loot m diamotei 


763 Path —When a meteoi Ins been observed by a number of 
peiKons at different jiunUs, who luuo noted tun data which will give 
Us altitude and burning at identified moments, the path can bo com¬ 
puted Obsenations liom a single point arc woitliless foi the pui- 
posc, Hince they ean give no inioinmtion as to the mcteoi’s dintanie 

Tho meteoi is geneiallv first seen at an altitude of between eighty 
and lOdfcnilcs, and disappeais at ail altitude of between Jlvo and ten 
miles The length of tho path maybe any whole fiom 50 miles to 
500, aocouluig to Us inclination to the om ill's siuface The velocity 
is rather difficult to ascertain, hut is found to range fiom ten to ioitj 
miles pci second at the moment when tho meteoi (list becomes visible, 
and diminishes to one oi two miles pci second, nt the time when it 
disappears The avonufo velocity with wluoh meteors enter the 
atmosphoio appears not to vnrj nmeii fiom the “paiaholio velocity” 
of twenty-six miles per second, due to the aim’s attiaction at the 
earth’s distance — a fact winch, of comae, indicates that these bodies, 
wluitovoi their migin may be, aio now moving in space, like tho comets, 
undoi the sun’s atti action 

With possibly a vmy Cow exceptions in oases whom tho meteoi rjlamp^ 
so to speak, on tho oaith’s atmosphoio, like a skipping stono on watoi, a 
body which has unco onlei ed the ail is siuo to bo hi ought to the ground 
it is luudly possible that one molooi m a million should escape after beeom 
mg involved m the atmospheio Wo mention tins especially, becauso sonic 
aulhoulios miouoously apeak of lb as a usual Hung foi the meteoi to keep 
on its coui so, and leave the eiuth, aflei tin owing oft a few fragments 

764 Observation of Meteors —Tho object of tho observation 
should be to obtain aecurato estimates of the altitude and asdmuth of 
tho body at moments which can be identified. At night this is host 

howovei, tilth meteoi ic ougm is mom than tiiiestionablo, such, for instance, Is 
the case with the Ovifalc lion fouiul by Noulensldold on the coast of Gieenland, 
and exhibited at the Philadelphia CVnlenninl Psliibltion 
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done by noting tho position of tho meteor with reference to neighbor* 
lag b tars at the moments of its appcamnco and disappearance, or of 
the Intervening explosions. In the daytime itcnn often be cl unit hy 
uoting the position of tho object with rcforcnco to trees or building*. 
The observer slionkl then mark tho exact position whom ho is standing, 
so that by going there afterwards with proper In strum onto ho uitn 
determine the data desired. 

Of comae, all mioh measurements must Iks given m angular ttniis. To 
speak of ft meteor ns having an altitude of twenty fee}, anti puVHumg n path 
h'd feel long, is meaningless, unless tho size of tho “foot” Is aomntmtv 
defined. 


The determination of. the meteor's velocity is morn diflUnilt, an il 
is seldom possible to look at a watch-face quickly enough, ovoii In 
the daytime. The usual course is for tho observer to repeat nouns 
familiar piece of doggerel as rapidly as possible, beginning *hou Uiu 
object llrst becomes visible mid stopping when it oxplculim or rtisap- 
pears, noting also tho precise syllable wficre ho stops. \\y repenting 
the samo sentence over again before a clock It is poasihlo lo doler- 
mine within a few tenths of a second tho timo occupied 1 1 v 11 ui 
. meteor’s flight. 

786. Explanation of tho Heat and Light of a Meteor. — TIu-h« 
me duo simplj to the destruction of tho body’s velocity; 1 tn kiiu‘liii 
mass-energy of motion is transformed into host Ivy the friction of |.)u< 
air. If a moving body whose muss is U kilograms, and its vc-looil v 
metros per second, is stopped, tho numbor of calorics of limit 
developed Is given by the equation 


H' 


8.889 


(yvrt. 




veiotkv ofT°f l,e “ t evo,vefl in bringing to rest a body which has a 
mo(H ,al '" V o m f, tl ' 08 ’ or twenty-six miles a second, Is m.or- 
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effect of thn viikIi vh, 1 ft Thomson has shown, tlio thonnnl 
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deni of the density of the air through which Lho meteor may be passing. 
The quantity of heat developed in a given time is greater, of course, 
where the air is dense ; but the temperature produced in the air itself, 
at the surface where it rubs against the moving body, is the same 
whether the gas be dense or rare. 


'When a moving body 1ms a velocity of about 1500 metres per second, 
the virtual temperature of the surrounding air is about that of red heat; i.e., 
lilts body becomes heated as fast as it would if it were at rest and the air 
about it were heated to that temperature. When the velocity reaches twenty 
or thirty miles per second, it is acted upon as if the surrounding gas were 
limited to the liveliest incandescence at a temperature of several thousand 
dogrnes. Tho surface is fused, aud the liquefied portion is continually 
Hwnpfc off by the rush of tho air, condensing as it cools into the luminous 
powder that forms tho train. The fused surface itself is continually 
renewed until the velocity falls below two miles a second or thereabouts, 
whim it solidifies and forms the characteristic crust. As a general rule, 
therefore, the fragments arc hot if found soon after their fall; but if the 
nfcono is a large one and falls nearly vertically, so an to have but a short path 
through the air, the heating effect will bo mainly confined to its surface; and 
owing to tho low omul noting power of stone, the centre may still remain 
intensely cold, retaining nearly tho temperature which it had in interplane¬ 
tary space. Tt is recorded that ono of the large fragments of the Dhurmsnla 
(I ndia) meteorite, which fell in 1800, was found in moist earth half an hour 
or so after the fall, coated with ice. 


768. Train. — Ono unexplained feature of meteoric trains de- 
Bt'WOH notice. They often remain luminous for a long time, some¬ 
times as much as lmlf an hour, and are carried by the wind like 
clouds. It is impossible to suppose that such a cloud ot dust remains 
tnaindmeent from heal for so long a time in the cold upper regions of 
Um atmosphere; and tho qnestion of its enduring luminosity or phos- 
phoresconee is an interesting and puzzling one. 


767 Origin.—We may at once dismiss the theories which make 
meteors to he tho immediate, product of volcanic eruption on the 
mirth or on the moon. They come to us tor the most part, as has 
been said, from the depths of space, with the velocity of planets an 
comets, and there is no certain reason for assummgthat they or.gmat 
in any manner different from the larger heavenly bodies. 

At the same time* many of them so closely 

' Kmkata0> ' Wit ’ COmi)etei,t 
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lo send oJT its ejected missiles through the earth’s atmospliorc. into Hpneo, 
it is not certain that this was always so. Somo still maintain IImb Hiukh 
bodies may be fragments which wore shot off millions of years ago wlion Mm 
moon’s volcanoes were in full vigor and the oarfcli won yoinig. Simin tlinn, 
according to this view, these masses have boon travelling around tlm huh in 
long ellipses which intersect the orbit of tho earth, until lit last tlioy happen 
to come along at the right time and onoonntor hor surface, and ho rolurn In 
the old home. 

As to the iron meteors, some maintain that tlioy aro iiiiihsuh wliinli bun* 
been ejected from our sun, or from soino other star; aiul they fortify Llirir 
opinion by the remarkable but unquestionable faot that those motuorin inmn 
are full of “occluded” hydrogen and carbon oxides Which can bo uxlnictrd 
from them by heating them in a proper receptacle commoted with a moi H - 
curial pump, Tlioy argue that those gases could have boon absorbed by 
the iron only when it was in the liquid state and ovorlaid by a douse, Iml 
atmosphere containing them; and that, they any, is just tho nnnditioh of tin 1 
miunto drops of iron whioh are supposed to form part of tho photos]diurn nf 
the sun: upon oar sun or in some other Bun only could such noiicltiioim In 1 
found. There is no question of the sun’s ability to project jiiahhuh to plino 
etary distances, as shown by the chromospheric eruptions whioh hiivo I mini 
repeatedly observed by students of solar physics, And if our mm cum dir 
this, it is natural to suppose that other aims can do it also. 


However these bodies originated, it is .quite certain t'tmfchnfim? limy 
reach the earth they have been moving independently in npaac for it Inn^ 
time, just as planets and comets do. But a recout important ru non roll fiy 
Professoi Newton has shown that more thnit DO percent of Home SJOU 
aerolites, for the approximate determination of whoso pjitlm mi have tin? 
data, were moving before their fall in orbits, not parabolic, but nnnln- 
gous to those of the short-period comets ; and direct > not rotrogmtU?* 


768. Detonating Meteors, or “Bolides,” of whioh Fragments aro 
not known to reaoh the Earth. - Some writers discriminate bolwmm 
these meteors and aerolites, but tho distluotion does not soom in bn 
wel founded. The phenomena appear to be precisely the same, oxomil 
that in the one case the fragments are actually found, and In tlm oMum- 
oy ft nto ie sea, the forest, or the desert; oraomotlmoB when l hr 
nnfl* ^ neai ' y h ? l ’ lZ0ntnl ’ and therefore long, they may bo conmui„.,| 

the eil rt?. 1 d f m tbS f," St nnd vnpor of the without lonoiilMfi 

eaitli a surface at all, except ultimately as impalpable dnst. 


JJf 1 m,mber ° f nei ' ol,tA whid > »tolko the 

bcginnlmr of the ^ t B trustw01 “ th y estimate. Slnco tliu 

g g of the eontury, at least two or three have boon soon to 
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fall evury year, and have been added to our cabinets (see Art. 
750), — in some yours as many ns half a dozen. This, of course, 
implies a vastly greater number which are not seen, or are not 
found. Schreibors, some years ago, estimated the number as high 
as 700 a year, and Reichonbach sets it still higher — not less than 
0000 or 4000. 

SHOOTING STARS. • 

770. A few minutes’ watching on any clear, moonless night will 
be sure to reveal ono or more of the swiftly moving, cvauescent 
points of light that are known as “ shooting stars.” No sound is 
over heard from them, nor (with a single exception to bo mentioned 
further oil) lias anything ever been known to reach the earth’s sur¬ 
face from them, notovon when the sky was “ as full of them as of 
miow-llakes,” ns sometimes has happened In a great meteoric shower. 
)<'or tins reason it is perhaps justifiable to allow the old distinction to 
remain between them and the bodies we have been discussing, at 
least provisionally. The difference may be, and according to opiuion 
ut present prevalent very probably is, merely one of size, like that 
between boulders and grains of sand. Still there are some reasons 
for supposing that there is also a difference of constitution, — that 
while tlm aerolite is a solid, compact mass, tlio shooting star is a 
ltttle cloud of dust and intermingled gas, like a puff of smoke. 


771. Numbers.—The number of these bodies is very great. A 
single watcher sees on the average from four to eight hourly. If 
observers enough nrc employed to guard the whole sky, so that 
nono can eseapo unnoticed, the visible number becomes from thirty 
to sixty an hour. Since ordinarily only those are seen which aie 
within two or tlireo hundred miles of the observer, the estimated 
total daily number of those which enter the earth’s atmosphere, and 
are largo enough to bo visible to the naked eye, rises into the mill¬ 
ions. Professor Newton sets it at from 10,000000 to 15,000000, the 
average distance between them being about 200 miles. 


There is n still larger number too small to be seen with the naked eye. 
One hardly evor works many hours with a telescope enrtying a o\\ powei, 
and having a Hold of view ns largo as 15' in diameter, without seeing severe 
of them flash across the Acid. In a few instances observers havemepo tod 
dark meteors crossing the moon’s disc while they were watching it. There 
may ho some quoslion, however, as to the real nature of the o jec s seen in 

Huchftcuao. Uivtls (?). 
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772. Comparative Number in Morning and Evening 1 . — Tli« hourly 
number about six o'clock in tlio morning Is fully (Imil)In tho hourly 
number in the ovoning. The obvious reason is simply thill In I In' 
morning we are on the front of the earl/i, us regards 1 Ik orhliul 
motion, while in the evening wo arc in tlio roar; In the (mining wr 
only see such meteors as overtake ns; In tlio morning wo wots all I lint 
we either meet or overtake. If they arc really moving in till direc¬ 
tions alike, with the parabolio velocity corresponding to tlio ourlh’n 
distance from the sun (twenty-six miles per second), l-liuory inilioul*^ 
that the relative hourly numbers for morning and ovonhijj ought to 
be in Just the observed proportion. 


773. Brightness.—For the most part these bodies are imirh like 
the stars in brightness, — a few are as brilliant nn Vojuih or Jupiter; 
more are like stars of the first magnitude ; and the majority mo like 
the smaller stars. Tim bright ones not unfriMiuonLly show tnilnn 
which sometimes last from five to ton minutes, when they nru folded 
up and wafted awny by the winds of tlio upper air, 1 

774. Elevation, Path, and Velooity. — Ry observations tmuln P.v 
two or more observers thirty or forty miles apart, it is possible In 
determine the height, path, and volocity of these bodies. it Is found 
as the result of a groat number of such observations that they’ Ural 
appear at nn average elevation of about seventy-four wilt's, aiul din- 
appear at an average height of about fifty miles , after tijivi.T.si np u 
distance of forty or fifty miles, with nn average veloolLy of almiil. 
<i venty-five miles per. second. Thoy do not bogin to lie visible al, ho 
great an elevation as tlio aerolitio motoors, and they vanish liefoi c 
they penetrate so deeply into the atmosphere. 


776. Materials. — Occasionally it 1ms been possiblo to oaloli a 
glimpse of the spectrum of one of the brighter shooting stars, umI 
the lines of sodium and magnesium (probably) arc quite conHpkmm.N, 

<iongirlth some other hues which cannot bo securely identified l.v 
such a hasty glance. 

As these bodies are completely burned up before thoy reach thn 
ea. h, all we C nu ever hope to got of their material is the product 
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akiold lms thought ho might dud it in polar snows, and others have 
thought it might be found in the material dredged up from the 
bottom of the ocean. In fact, the Swedish naturalist, by melting 
several tons of Spitsbergen snow and filtering tho water, did find in 
it a sediment containing minute globules of oxide and sulphide of 
iron: similar globules arc also found in the products of deep sea 
dredging, These may be meteoric ashes; but what we have lately 
learned from Kralcatito of the distance to which smoke and fine 
volcanic dust is carried by the winds, makes it quite possible that 
the suspected material is purely terrestrial in its origin. 

776, Probable Mass of Shooting Stars, —We have no very certain 
means of getting at this. We can, liowovep, fix a provisional value 
by means of the amount of light they give. Photometric comparisons 
between a standard star and a meteor,, when we know the meteor !0 dis¬ 
tance and the duration of its flight, enable ns to ascertain how tho total 
amount of light emitted by it compares with that given by a standard 
candle shining for one minute. Now, according to determinations 
made some thirty years ago by Thomsen at Copenhagen, (which 
ought to be repeated,) the light given by a standard candle in a min - 
nle is equivalent to about twelve fool-pounds of energy. This excludes 
all the energy of the dark, invisible radiation of the candle. Our 
observations of the meteor give us, therefore, its total luminous energy 
in foot-pounds; and if the whole of tho meteor's energy appeared as 
ligiit, then, sinec Energy =* ^MV*y wo could at once get its mass by 
dividing twice this luminous energy by tho square of tho meteor’s 
velocity. Since, however, only a smnll portion of the meteor’s 
whole onorgy is transformed into light, the mass obtained in this 
way would bo too small, and must bo multiplied by a factor which 
expresses the ratio between tho total energy and that which ia purely 
luminous , It is not likely that this factor exceeds one hundred) or ia 
loss thnn ton, though on this point wo very much need information. 
Assuming tlje largest value, however, for this factor, tho photometric 
observations made in I860 and 18G7 by Ih’ofossors Newcomb and 
Ilavkness (stationed respectively at Washington and Richmond), 
showed that the majority of the meteors of those star-showers weighed 
less than a single grain . Tho largest of them did not reach 100 grains, 
or about a quarter of an ounce* 

777, Growth of the Earth, —Sin go tho earth (in fact, ovory planet) 
is thus continually receiving meteoric matter, and sending nothing away 
from it, it must be constantly growing larger; but this growth is extremely 
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Insignificant, Tho motoovio iimltar mwivod dully by mulli, if wit nrri'pl 
one grain us tho uyorago %Ynl^lifc of ft shooting uiuv, wnnld In? only uhioil 
a toiii after making ft reasonable addition for (Hwa.shiiuil If wf 

multiply tills estimate by ono luimlrnd, It coilninly will In? r\ivi-dm|‘)v 
liberal, nwl at that rate tho ammmt rucoivod by tlm pitrlli in u yi'iir would 
amount to tho vory respootable flgmu of 11(1,000 tonw ) uml yol, non ut ihi ■ 
rftlo, assuming the specific gravity of tho nvnrugo ninfom* iin linvn liimvi iInil 
of water, it would tnlco about 1000,000001) youv.i to twriiiiiufittn a inprr Mirr 
inch thick over the earth’s surface* 


Him 'li/n 
minim 


Jill 


778. Effeot on the Earth’s Orbit. — Tlioomthuill.v, (ho cue. «.i 

the earth with motoors rmiHt shorten tho year in thm. dial i»«l. \vnyn: 

Flvat. By noting as a resisting medium, nml no .llnilnW.ii.g 
of tiro oarfch’B orbit, and indiraotly iieool.irutliig i|« inntiim, In I 
manner aa le supposed to happen with Enoko’s oonmt. 

Sooond. By iiioronHing tho attraotlou between tlio nirtli uml iltn nun 
through tho increase of their masses. 

Third. By lengthening tho day—tho earth's rotation lining made f.|„wc- 
by tiie increase of its dlamotor, so that tlio year will oniiluiii a smaller mn.n 
berof clays. 

The whole effect, however, of tlio thrno ,muses eimiliin.nl, does not ut.muin 
to Wmr of a second In a million of years. Tho diminution of Him oiuIIi'm 

distance from the sun, assuming that ono hundred tmm of met.. ... 

fan daily, and also assuming that tho meteors are moving c.nmllv In nil 
directions with tho parabolic velocity of twenty.six mil,.a per seenud, mum*, 
out about nrWir of an inch per annum* 

Theoretically, also, the sanio motoorlo notion should pm.Wo a ..In...inn 

of the month, and Oppolsor investigated tho subject a fmv years In w« 
what amount of metcorie matter would account for tho observed fuLr 

Si ' 0 ""' 1 “ “ ™“ - ... .. 

oyer, as before tlm foil , * J> (“) )* ANMinung limw- 

« ™CvlX “,lr is™ 1 .....I,- »u>, 

ilrJZLir'.T;' . .. .. 

metre of the earths surface —.no ^o-^oaloi 1u ;wr anttum I’m- ointti Htjiiuii' 

same surface |„ about one-tenth of aZcond' " **" “ ^ 1 " ll "‘' N 1,1 Ul " 

ll i ^ C0 Bl,onl '> »* alluded U 

Isas light reaches us from a romot7aUtlmn ^Ttho^ 0 V' 1 ' ^ ‘ l 11,1,1 httm 

mr t,mn lf tIlQ mutoom wore absent. 
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780. Meteoric Showers.—At certain times the shooting stars, 
instead of appearing here and there in the sky at intervals of several 
minutes, and moving in all directions, appear by thousands, and even 
hundreds of thousands, for a few hours, 

Tho. Hwltanl, — At such times they do not move without system; 
hut they all appear to diverge or u radiate if from one point in the 
nky ; that is, their paths produced backward all intersect at a common 
point (or nearly so), which is called “ the radiant” As an old lady 
expressed it, in speaking of tho meteoric shower of 1833, “The sky 
looked like a great umbrella.” The meteors which appear near the 
radiant aro stationary, or lrnvo paths extremely short, while those 
which appear at a distance,from it lrnvo long courses. The radiant 



kmiutt Its place among the stars unchanged, during the whole eoutiuu- 
ance of the shower, and the shower is named accordingly. Ilnis we 
have tho meteor shower of the “ Leonids ” whose radiant is u» the 
constellation of Leo; similarly 

« Perncids,” the “ Gemnids tho “Lynds, etc. lj. 210 w a cliaife 
of tho tracks of meteors observed on the night of Nov. 13, I860, 

showing tho radiant near £ Leonis. 

The simple explanation is that the radiant is purely an effect of 
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perspective. The meteors nro runlly moving, relatively U► Ilia oh* 
server, in lines which are sonslbly straight and parallel, mh are nlnn 
the trades of light which they leave In the air. Ilomm they all mu ni 
to diverge from one and the anmo perspective “vanishing point. M 'Tim 
position of the radiant depends entirely upon the tlinrfinn of ihti 
meteor's motion relative to the earth. 

On account of the irregular form of the meteoric particles, they lire 
deflected a little one way or the other by the air, ho that their pullm 
do uot intersect at an absoluto point; neither in it likely that before 
they enter the air tholr paths are exactly parallel, The eiHiNinjiumw 
is that the rndlnnt, instead of bolng a point, In tin arm of some little 
size, usually loss than 2° in dlamotor. 


781. Probably tlio most romarkahlo of all meteoric hIiowovh Hint ever 
ooourjjed was that wkiali appeared in the United Stales on Nov. It*, lHX\ t 
in the early morning — a shower of Leonids. Tho number Unit felt In 
the five or elx hoars during whioli the shower lasted was crtliinulnrl til 
Boston ns fully 250,000. A coinpobont ohwn’vor declared Llml< u hn never 
saw anow-flakos thicker hi a storm than wore the meteors in Mm shy at 
some moments.” No Bound wan hoard, nor \Ynn any parllelii. known In 
reach the earth. 


782. Dates of Showers. — Since tho motoor-awnmi pursues u vegu- 
lai oibit avonnd the sun, the earth can only encounter it when Hint iH 
at the point where her orbit cuts tho path of tho mol,cor*; mid I bin, 
of course, must always bo on tho aamo day of tho year, except mm, in 
the process of time, tho metcora’ orbits slowly shift their p.mlMonn on 
account of perturbations, Tho Loonld showers, the re fore, iiIwhvh 
appear on the 19th of Novcmbor (within a day or two) ; 11m A min mi- 

edea on tie 27th or 28th of tlio aamo month ; mul tho PurnohlH curl v 
In August. 

neavlv untfonnl l0 ?? Swarms, If tlio motoom arc Hmtl.nml 
neatly nn onnl, around their whole orbit, bo rm to form a ri, Hh (hr 

w «nl7‘ lre ~W 7 but If tho flock l» concent.,and, It will««,. 

fla thB ea^h ThelT 0 ! 8 !, 0 ’' 15 ' 8 B ‘ nt the H.u.m tl.no 

considerable numbers every V <L 1 80 t,mfc nppum- In 

every year, and are not sharply limited |„ « 
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particular date, but aro more or less abundant for a fortnight in the 
latter part of July and the first of August. 

Tim meteors which belong to the same group nil have a resemblance to 
each other. The Porseids are yellowish, and move with medium velocity. 
Tlio Leonids are very swift, for we meet them almost directly, and they are 
duu-autemed by a greenish or bluish tint, with vivid and persistent trains. 
The Andfomedoa are sluggish in their movements, because they w simply 
overtake the earth, instead of meeting it. They are usually decidedly red in 
color and have only small trains, 


784. The Mampil Meteorite. — As has been said, during these 
showers no sound is hoard, no sensible heat perceived, nor do any masses 
reach the ground; with the one exception, however, that ou Nov. 27,1885, 
a piece of moteorio iron mentioned in the list given in Article 758, fell at 
Mmapil in Northern Mexico during the shower of Andromedes which 
occurred that evening. Whether the coincidence is accidental or not, it is 
Interesting. Many high authorities speak confidently of this particular iron 
mo tool n& being really a piece of lliela's comet itself. 


Ami now wo oonuv to one of the most remarkable discoveries of 
modern astronomy, — the discovery of — 


78B, The Connection between Comets and Meteors. — At the time 
of tho groat meteoric shower of 1833, Professors Olmsted and 
Twining, of Now Haven, recognized the fact and meaning of the 
radiant as pointing to the existence of swarms of meteoric particles 
revolving in regular orbits around the sun , and Olmsted at the time 
wont ho far as oven to call tho body or swarm a {i comet . u In some 


respects, however, his views wove seriously wrong, and soon received 
modification and correction from other astronomers. Erman espe¬ 
cially pointed out that in some cases, at least, it would be necessary 
to suppose that tho meteors were distributed in rings , and lie also 
developed methods by which the meteoric orbits could be computed 
If tho necessary data could be secured. Olmsted and Twining, 
however, were tho first to show that the meteors are not terrestrial 
mid atmospheric, but bodies truly cosmicat. 

The subject was taken up later by Professor Newton, of New 
Haven, who in 1804 showed by an examination of old records that 
there had been a number of great autumnal meteoric star-showers at 
intervals of just about thirty-three years, and he predicted confidently 
tt shower for Nov. 18-H, 1880. As to the orbit of the meteoric 
body (or ring, according to Krman’s view), he found that it might, 



444 


MKTICOHfl. 


conaisteutly with what had been so far obaarvad, linvo nillior of 
different orbits; one with a period of f)B| yonw, two w 1 ' 

one Year ± 11 dnys, and two with periods of hirif 11 )««“ • - 1 a ► ' 
He considered rntlior moat probable tho period ° r ' w ' 
pointed out that the slow change that had talcou p nu> 11 j 
date of tho shower 1 would furnish tho moans of notamihilng 
of the orbits was the true one. 

This clmuge of date indicates a slow motion of tho mulo* of lh 
orbit of the meteoric body at the rate of about M a }oat - J ( U1 ’ 
of Nepttminii fame, made the laborious calculation o L u- 11 U1 
planetary perturbations upon each of tho five dlTount <» > H 
gested by Professor Newton, find showed that tho true orbit mnn * 
the largest one wliioli has a period of B3J: yea is. 



Fio. 211. — Orblla of itoioorlu Hwamu which ufa known lo ho nwocilnleil wllli ('»unil». 


The meteoric shower occurred In 18G0 ns predicted, and wiw 
repeated hi 1867, the meteor-swarm being stretohed out along it-M 
orbit for such a distauce that the procession is nearly throo yoiu'H in 
passing any given point* 

1 In a.d. 902 (the r, jear of tho atari* ” In tho old Arrib chronicles), tho diitw 
was wlmt would be Oct* 19, In onr ''new style” reckoning. In 1202 tho fllunvor 
occurred five days later, and in 1803 the date wna Nov. 12, 
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t 

1 86. Identification of Cometary and Meteoric Orbits. —The re¬ 
searches of Newton and Adams had awakened lively interest in 
the subject, and Schiaparelli, of Milan, a few weeks after the Leonid 
shower, published u paper upon the Perseids, or August meteors, in 
which he brought out the remarkable fact that they were moving in 
the same path its that of llie bright comet of 1862, known as Tuttle 1 s 
(Jamal. Shortly after this Lcvomer published his orbit of the 
Leonid meteors, derived from the observed position of the radiant in 
connection with the periodic time assigned by Adams; and almost 
simultaneously, but without any idea of a connection between them, 
OppoUcr published his orbit of TompeVs comet of 1866 ; and tlic 
two orbits were at once seen to be practically identical Now a single 
case of such a coincidence as that pointed out by Schiaparelli, might 
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787. In the ofleos of the Leonids ami Andromodos tlm nwtoor-uwunn 
follows the oomefc. Many believe, howovor, that tlio oomot itself in flimsy 
the thickest part of the swarm, Kirkwood and Sohiaparolli havo bulb 
pointed out that a body constituted as a comet ia supposed to bo, numt 
almost necessarily break up in consequence of tlio “ tide-pro duo lug " povtiu- 
batione of the suu, independent of any repulsive notion such as is supposed 
to be the cause of a oomet's tail. They hold tlmt those motcor-swarma mo 
therefore merely the product of a comet's disintegration. 

The longer the comet has been in tbo system, the moro wuloly scattered 
will bo its particles, The Perseida are supposed, therefore, to bo old jnlmh. 
itanta of the solar system, while the Leonids and Andromodos are oompum- 
tively new-coinem Leverrier has shown that in the year A.i>, 120 TmnpnlVt 
comet must have been very near to Uranus, and u natural infortmoo is Unit 
it was introduced into the solar system at that time. Fig. 212 illnstmtuH hi* 
hypothesis. However these things may bo, it ia now certain that tins column- 
Hon between comets and meteors is a very close one, though it can huntty 
be considered certain as yet that every Bcabtorod group of meteors is tbo 
result of cometary disintegration. Wo aro not euro that when a conudury 
mass first enters the solar system from outer space, it conies in ns a 
packed swarm. 
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CHAPTER XIX. 


TILE STARS: TllEIR NATURE AND NUMBER. — THE CONSTEL¬ 
LATIONS. — HTAE-UATALOGUES. — DESIGNATION AND NOMEN¬ 
CLATURE.—-l’ROI’ER MOTIONS AND THE MOTION OE THE SUN 
IN SPACE. — STELLAR PARALLAX AND DISTANCE. 


788. W!■'. outer now upon a vaster subject. Leaving the confines 
ol’ Hus solar system we cross the void tlmt makes an islaud 1 of the 
.sun’s domains, and enter the universe of the stars. The nearest star, 
ho far as we Imvo yet been aide to ascertain, is one whose distance is 
more than ’200,000 times the radius of the earth’s annual orbit; so 
remote that, seen from Unit star, the sun itself would appear only 
about as bright as the pole star, and from it no telescope ever yet 
enimlrueted could render visible a single one of all the retinue of 
planets and comets Unit make up the solar system. 


780. Nature of tlio Stars. —As shown by their spectra tlie stars 
are miit.i; tlmt is, they are.bodies comparable in magnitude and in 
physical condition with our own sun, shining by their own light as the 
mill docs, and emitting a radiance which in many eases could not be 
distinguished from sunlight by any of its spectroscopic characteristics. 
Some of thorn arc vastly larger and hotter than our sen, others smallci 
a ml cooler, for, iiswo shall see, they differ enormously among them¬ 
selves. 

790. Number of the Stars. — The impression on a dark night is of 
absolute countlossnoss; but, in fact, the number visible to the naked 
ovo ia voi’V limited, as ouo can easily discover by taking some definite 
urea in the sky, say the “ bowl of the dipper,” and counting the stars 
' which ho can sec within it. He will find tlmt the number winch he 


i Thai the solar system is thus isolated by ft surrounding void is proved by the 
almost undisturbed movements of Uranus and Neptune; for their perturbation 
would betray the presence of any body, at all comparable with the sun inmmg - 
So idthin a disL.cc a thousand times ns great ns that between the earth and 


Him, 
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cun fairly count is surpriBhigly huiuII, though by averlcd vision lie will 
get uncertain glimpses of ninny more. In Urn whole oeleHllul Hpln-ro 
the nimibor bright enough to lie visible to the linked eye is only from 
(3000 to 7000 in u clear, iiiooiiIohh sky. A little lnmi* or iriix 
cuts out fully half of them, unit of course them Is n greet dilfeimiim* 
in eyes. But the sharpest uyes uonlil probably never fiiii'ly see Mime 
than 2000 or 3000 at one lime, sinoe near the liorljom Urn smalliT slnm 
ava invisible, and they are immensely lint most numerous, fully hull' 
of the whole inimbor being those which are Just on the verge of visi¬ 
bility. The total number that can be wen well enouyh Jar olmereitfinn 
with such instrument# as were used before the invention of the lehwnjie 
is not quite 1100. 

With oven n small toleseojio the 11111111)01' Is enoriuoiiHly hnTnnuml- 
A mere opera-glass an inoli and n half in dliunclw brings out nt leimt 
100,000. The toloscopo with whloh Argelnndcr iniulo his Deahmon- 
terunq of more than 800,000 — nil north of the eelesliul m,im|or 

—lmd a dlmnoter of only two Inches and a half. Tim number visible 
In the groat Lick 1 telescope of three Ibet dlmnoter is probably liunrlv 
100 , 000000 . ' 


791. Constellations, — In nnolent times the shirs were grouped by 
“constellatiouB," or “ astorlsnis,” partly as a mutter of nouvi.jih.ii’t 
reference and partly aa eupors tit Ion. Many of tin. ooiistollnUmm now 
recognized,—nil of thoso in the zodiac mul tlioHeuhout the norlluTii 
po e, mo of prehistoric antiquity. To these groups worts given fund. 

maowir fi f IU0 )f y u f POl ' S01ia <U ' <,l 'J° 0ts tKM'HllluUOUS ill the Jlivtliologii'lll 

... 
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oilier coiwlollations, wliioli Imvo been tentatively established at various 
limes, ami are sometimes found on globes and star-maps, have been given 
up as useless and impertinent, 


792. Wo present a list of the constellations, omitting, however, some 
nil tho modern ones which tiro now not usually recognized by astronomers. 
Thu constellations avo arranged both vertically and horizontally. The order 
in the vertical columns is determined by right ascension, as indicated by 
the Homan numbers at tho left, Horizontally the arrangement is according 
In distance from tho north polo, as shown by the headings of the columns. 
Tim number appended to each constellation gives the number of stars it 
cum tains, down to and including the Oth magnitude. The zodiacal constel¬ 
lations are italicized, and the modern constellations are marked by an 
asterisk. 

T'ho different groups of constellations are found near the meridian at 
half-past eight o'clock, l’.M., on the dates indicated below. 


(Sroup (I., lb), Dec.' 1. Those constellations contain no first-magnitude 
stars, hut Cassiopeia, Andromeda, Aries, and Cetus include enough 
stars of the second and third magnitude to he fairly conspicuous, 
tlrmip (lib, IV.) t Jan. 1. Perseus north of the zenith, and the Pleiades 
and Aldobamn in Taurus, are characteristic. 

(Ironp (V., VI.), Pel). 1. On tho whole this is the most brilliant region 
of tho sky and Orion tho finest constellation, 
dnmp (Vlb, VIII.), March 1. Characterized by Procyon and Sirius, the 
hitter incomparably the brightest of all tho fixed stars. 

(j n mp (IX., X.), April 1. Loo is the only conspicuous constellation. 

CSroup (XL, XU.), May 1. A barren region, except for Ursa Major north 
of Urn zenith, 

Group (Xnr„ XIV.). .Turn) 1. Marked by Avotimis, the brightest of the 
northern stars, with the paler Spicu south of the equator. 

Group (XV., XVI.), July 1. Tho Northern Crown and Hercules are the 
most characteristic configurations. 


tiroup (XVII., XVIIL), Aug. 1. Vega is nearly overhead, and the red 
An turns low down in tho south, with Altair near the equator, just 
cast of Ophiuchns. 

Group (XIX., XX.), Sept. 1. Cygmw is in the ’««>>*. aad Sagittarius 
low down, while tho brightest part o£ the Milky V ay lies, athwa 
the meridian. 

Urmin (XXI XXIL), Oct. 1. A barren region, relieved only by the 
bright star lfomalbaut of the Southern Pish near the southern 

horizon. 

n ... /win XXIV 'i Nov, 1. This region also is rather barren, 
(k(mP Pegasus is a notable configuration 


of stars. 
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793. A thorough knowledge of these artificial groups, and of the 
names and locations of the stars in them, is not at all essential, even 
to ap. accomplished astronomer; but it is a matter of very groat con¬ 
venience to know the principal constellations, and perhaps a hundred 
of the brightest stars, well enough to be able to recognize them read¬ 
ily and to nso them as points of reference. This amount of knowl¬ 
edge is easily acquired by three or four evenings! study of tho sky in 
connection with a good star-map or celestial globe, taking care to 
observe on evenings at different seasons of tho year, so as to com¬ 
mand the whole sky, 

At present tho best star-atlas for reference is probably that of Mr. 
r rootov. Tho maps of Argel an dor’s « Urnnomotrin Nova” and Ileis’a atlas 
(both in Gorman) avo handsomer, and for Home purposes move convenient. 
Thoro are many others, also, which are excellent. Tho smaller maps which 
avo found hi tho text-books on astronomy are not on a scale sufficiently large 
to bo of much scion tide use (as, for instance, in tho observation of meteors), 
though they answer well enough the purpose for which they were designed, 
of introducing tho student to the principal star-groups. 

794, Designation of Bright Stars.— (a) Names, Homo fifty or 
sixty of tho brighter stars have namos of their own in common use. 
A majority of tho names belonging to stars of tho drat magnitude tiro 
of Greek or Latin origin, and significant, as, for instance, Aroturua, 
Sirius, Prooyon, ltogulus, etc. Some of tho brightest stars, howovor, 
have Arabic names, as Aldobaran, Vega, and Botclgucso, and tho 
names of most of tho smaller stars arc Arabic, when they have names 
at all. 

(b) Place in Oonstdlution. Spicti is tho star in the handful of 
wheat carried by Virgo; Cynosure signifies the star at the end of the 
Dog’s Tail (in anoiont times tho constellation wo now call Ursa 
Minor seems to have been a dog) ; Cnpella is tho goat which 
Auriga, tho charioteer, carries in his arms. Hipparchus, Ptolemy, 
and, in fact, all the oldor astronomers, including Tycho Brahe, used 
tills clumsy method almost entirely in designating particular stars; 
speaking, for instance, of tho star in tho 41 head of Hercules,” or in 
tho u right knee of Bodies,” and so on. 

(o) Constellation and Letters, In 1008 Bayer, in publishing a now 
star-map, adopted tho excellent plan, ever since in vogue, of designat¬ 
ing the stars in the different constellations by the letters of tho Greek 
alphabet, assigned usually in order of brightness. Thus Aldobaran is 
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a Taiu’i, the next brightest stnv in thci constellation Is ft Tnuri, and 
eo on, i\8 long as the Greek letters hold out; then the liomiui lwltuiw 
are used as long ns they lust; iuul final ly, whomever it is found nitttuH- 
sary, we use the numbers which Flamsteed assigned a century laUu- 
At present every naked-oye star can ho referred to iuul idontilled h > 
some letter or number in tho constellation to which it belongs. 

(d) Current Number in a Slew-Catalogue. Of course /ill the iibnvn 
, methods fail for the hundreds of thousands oT sinnllcv BfctU'H. In tludi 
case it is usual to refer to them as number so-tuul-Ho of Homo svt , ll- 
kuowu sthr-calaloguc ; as, for instaueo, 22,600 Id. (Udundo)* or 
2573 B. A. C. (British Association Catalogue). At present our vnriotm 
8tar- catalogues contain from 000,000 to 800,000 stars, ho Hint, uxuopt 
in tho Milky Way, almost any star visible in a telescope of two or 
three iuches* aperture can he identified and referred to by means nl 
some star-catalogue or other. 

Synonyms. Of course all the brighter stars which have mime. 1 * Imvr 
also letters, aud nro sure to bo included in every star-calivlogiui which 
covers their part of the sky. A given star, tluucforo, butt ol'ton n 
large number of aliases, and In dealing with the smaller HliU'H tfi'rrib 
pains must he tnken-to avoid mistakes arising from this causo, 

STAR-CAT AT <OGUI58. 

795. These are lists of stars arranged in regular order (at pi’OKniil. 
usually in order of right ascension), and giving the places of tho Nlur* 
at some given epoch, either by means of their right asceiinionH mid 
deoliuutioiis, or by their (celestial) latitudes and longitudes. Tim 
so-called ^lnagnitiulo/'or brightnoss of tho star* is also ordinarily 
Indicated. The first of these stur-oatalognos was that of UippnnduiH, 
containing 1080 stars (all that are easily visible and measumbUi by 
naked-eye instruments), and giving their longitudes and latitudes for 
the epoch of 1*25 n.c. 

Tiiis catalogue lias been preserved for us by Ptolemy in tho A Imogen I, 
and from it he formed his own catalogue, reducing tho position h of llm 
stars (i.e. t correcting for precision the-positions given by Ilippumlnm) In 
his own epoch, about 150 a,d. The next of tho old catalogues of any vulim 
is that of Ulugh Beigh 111 ado at Samarcand about 1450 A,n. 'Hila nptHUirn 
to have been formed from independent observations, Tfc was followed hi 
1680 by the catalogue of Tycho Brahe containing 1006 stars, tho lust which 
was constructed before the invention of tho telescope. ’ 

The modern catalogues are numerous. Some givo Hie places of a griml 
number of stars rather roughly, merely as a means of identifying them wheui 
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used for comulary observations or other similar purposes. To this class 
behnigs Argclunder's Dwchmmterung of the northern heavens, which con¬ 
tains over !kM,(l(10 stars, — the largest number in any one catalogue thus far 
published, Then them are tho 11 calalotjuea of precision,” like the Pulkowa 
mnl Greenwich catalogues, which give tho places of a few hundred stars as 
iiceuvulidy as possible in order to furnish “fundamental stars,” ov reference 
points in the sky. Tho so-called 11 Zones ” of Bessel, Argelander, and many 
others, am cuhilogmis covering limited portions of the heavens, containing 
Hint's arranged in zones about a dogroo wide in declination, and running 
hi vmc hours in right ascension. To the practical astronomer the most useful 
(•at nli iguo is likely to ho the one which is now in process of formation by the 
co-operation of various observatories under the auspices of the Astronomische 
(icsidlHcliaft (an Tnterimtional Astronomical Society, with its headquarters 
iu Germany). This catalogue will contain accurate places of a|j stars above 
the ninth magnitude in the northern sky. Most of the necessary observa¬ 
tions have already been made. 


700. Determination of Star-Places. — The observations from which 
a Hliir-onluloguo is constructed are usually made with the meridian. 
Jenin (Art. till). For the catalogues of precision, comparatively few 
Hluirt are observed, hut all with the utmost care and during several 
years, Inking all possible means to eliminate instrumental and obser¬ 
vational errors of every sort. 

In tin! morn extensive eatalogues most or the stars arc observed only 
mum or twice, and everything is made to depend upon the accuracy 
of the places of tiie fundamental stars, which are assumed as correct. 
The instrument in this case is used only “differentially” to measure 
II,t, comparatively small differences between the right ascension and 
declination of the fundamental stars and those of the stars to be cata¬ 
logued . 


707. Method of using a Catalogue. — The catalogue contains the 
mmn ’right ascension and declination of its stars for the beginning 
of Home given year; i.e., the right ascension and declination the star 
would haw. at that time if there were no aberration of light and no 
Irregular motion in the celestial pole to affect the position of the 
collator and equinox. To determine the actual apparent right ascen¬ 
sion mid declination of a star for a given date (which » ^krt «e 
want in practice), the catalogue place must be “retimed to the 

duto in question; it must be corrected for procession, nutation, 

mnl itluuTtiUon, 

Tim on,.ration with modern tables and formula! is not a very tedious one, 
Involving perhaps live minutes' work, but without it the catalogue places aie 
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uaoleaa for most purposes* Vice versa , the observations of a fixed star with 
tho meridian circle do not givo its mean right ascension and declination 
ruiuly to go into tho catalogue, but the observations must bo reduced from 
apparent place to before they can bo tabulated. 

708* Star-Charts.—For many purposes charts of the stars are 
nioro convenient than a catalogue, as, for instance, in searching for 
now planets. The old-fashioned way of making such charts was by 
plotting tho results of zone observations* The modern way, intro¬ 
duced within the last few years, is to do it by photography, The 
plan decided upon at tho Paris Astronomical Congress in 1887 
contemplates tho photographing of tho whole sky upon glass plates 
about nix inches square, each covering an area of 2° square (four 
B<]uara degrees), showing all stars clown to the fourteenth magnitude, 
— n project which is entirely feasible, and can be accomplished in 
il v« or six years by the co-operation of about a dozen different observ¬ 
atories in tho northern and southern hemispheres. The instruments 
tiro now (1888) in process of construction. 

Tho figure (Fig. 213) is a representation of the Paris instrument of the 
1 [envy brothers, which was adopted as tho typical instrument for the opera¬ 
tion. It has an aperture of about fourteen inches, and a length of about 
eleven foot, tho object-glass being specially corrected for the photographic 
myn. A 0-inch visual telescope is enclosed in the same tube so that the ob- 
unrvor can watch tho position of tho instrument during the whole operation. 

It was originally planned to give each plate 20 minutes’exposure, but 
improvements in tho photographic plates since the meeting of the Congress 
now umho it possible to cut clown the time very materially. It will lequiie 
about 11,000 plates of- tho size named to cover the whole sky, and as each 
Htnr is to appear on two plates at least, the whole number of plates, allowing 
for overlaps, will be about 22,000. As every plate will contain upon it a 
iiumbm*of woll-dotermined catalogue stars, it will furnish the means of 
determining accurately, whenever needed, the place of any other star which 
appears upon tho same plate. 


STAR MOTIONS. 

709. Tho stars arc ordinarily called “fitted” in distinction from 
the planets or “wanderers,” because as compared with the sun end 
moon iuul pinnate they have no evident motion, but keep their relative 
position*! and conilgurntions unchanged. .Observations made at suffi¬ 
ciently wide intervals of time, and observations with the spectroscope, 
show, however, that they are really moving, and that with velocities 
which are comparable to the motion of the earth in her orbit. 
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If "wo compare the right ascension ami declination of n hIju s de¬ 
termined to-duy with that determined a lnmitiod yctu-w ago, limy will 
he found different. The difference in maiith/ dun U> pvmwiHHlou uud 
nutation, which arc not motions of the star** at all, Init nhnply 
changes in the position of the reference oircilos uhihI, and dun In 
alterations In the direction of the earth's axis (Art*. 205 and 21-1). 
Aberration also comes in* and this also is not n real motion nr ilm 
stars, hub only an apparent one. 


800. Proper Motions, — But after allowing for all these appurraf 
and common motions, which depend upon tho stars' planus in llio 
sky, and are sensibly the same for nil stars in tho siuue tidcHeupin 
Held of view, whatever may be their ronl (listbanco from ns, wo (1ml 
that most of the larger stars have a “proper win linn li of Ihnlr own, 
("proper" as opposed to u common, 1 *) which displaces them slightly 
with reference to the stars about them. There arc only a few at urn 
for which this proper motion amounts to ns much as 1” a year ; per- 
haps 150 such stars are now known, but the number is constantly in¬ 
creasing, as more and more of the smaller atnrs coino to be iieeuratidv 
observed. 


ihe mnxinnnn proper motion known hs that of tho seventh magnitude 
star 1830 Groombridge (U., No. 1880 in Graombridgc’K catulnguo id 
circumpolar stars), which has an apparent drift of 7" annually,-- 
enough to carry it completely around tlio licavoim in 1R5,00<) yenr*, 
Ihe largest known proper motions nro tho following i — 


18-iU, GroOhi bridge, 
ftfoJJ, f4icHiHe r 
MA 1 G, Gould, 
dl C'yffni, 
rnfnmlc 21,185, 


7ih mug., 7'U) 
7111 “ GO ( 0 

flth 11 O''.2 

Oth “ 5".2 

7th “ iff. 7 


e Indl, 

bn laudo 
o Q Erldan I 
/t Cnealopoliu, 
a Ceutnuri, 


full 4 n Jt 

Hih " d'U 
mil «■ d".i 
ftih " ;j"h 
i hi *m u",7 


»iotums of Arc turn a (2\1), llm ] ot SMuh (V’,2U 
«re oonsU’crecl ‘‘tag*,* ta$ are exceeded by a conBUloral.U, 
bu of Btars besides those given above. Since tho ti.no of Ptoloinv, 

I ' t " 8 m0V f U,0fe lhtta ft cIegr<5c> - Wld Sli’InB about half u* 
much, these motion* were first detected by IT alloy j„ l 7 |fl 

« class Z iZZaiZ ” PWt f ’ th ° l,r, g lltoi ‘ which *« 
« emss are ptosmnnhly nearer tlmn the fahiteo n/,„« , ,, 

average a greater proper motion; on the averaae onlv 1 

is evident from the list given above Mw! T y ’ howovop » ,,H 

proper'motions than any\^^ 
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801, Heal Motions of Stars,—Tlio average proper motion of the first- 
magnitude Htara appears to ho about annually, and that of a sixth- 
lmigniludo atar, — the smallest visible to the eye, — is about 

The proper motion of a star gives comparatively little .informa¬ 
tion as to its veal motion until we know the distance of the star and 
the true direction of the motion, 
nine w the proper motion as deter¬ 
mined from (hr slar-catalogues is > 
only the angular value of that part 
or component of the star’s whole ^ B 

motion winch is perpendicular to 01l(mtB of « w, i-roper Motion, 

thn lino of sight, as is clear from 

the figure. AVhon the star really moves from A to B (Fig. 214), 
it will appoar, as seen from the earth, to have moved from A to h. 
The angular value of Ab as seen from the earth is the proper mo¬ 
tion (usually denoted by /i), as determined from the comparison of 
Star-catalogues. Expressed in seconds of arc, we have 



i 20G 2fin 


’ Ah \ 
^distance/ 


A body moving directly towards or from the earth has, therefore, no 
(anguiar) proper motion at all,—none that can be obtained from the 
comparison of star-catalogues. 

Since Ab in miles 

_ ) i lf X distance 
20G 2(If) ’ 


tli«H0 motions cimnot lie ti'ivnalfiled Into miles without a knowledge 
of fclm slur’s distance; and this knowledge, as wo shall see, is at 
present exceedingly limited; nor can the true motion AB be found 
until we also know either the angle BAE or else the line Aa. 


Hut since A B is necessarily greater than Ab, it is possible in some cases 
to determine a minor limit of velocity, which must certainly he exceeded by 
the star. In the case of 1880, Groorabridge, for instance, we have certain 
knowledge that its distanco is not less than 2,000000 tunes the earths 
distance from tlw sun. It may ho vastly greater; hut it cannot he less. 
Now at llmt distance tlio observed proper motion of , ' a year would cone- 
spend to an aotual velocity along the line Ab of more than-00 mdes a seco , 
ami the star may ho moving many times more swiftly. This stai lias some 
times boon called (ho « runaway star.” 
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802. Motion in the Line of Sight. —Although the comparlnon of 
Htar-catnlogues gives us no information of the body’s motion toward** 
or from us along the line of Bight, the velocity Aa ill tho figure, yet 
It is possible, when tho star is reasonably bright, to dotormino some¬ 
what roughly its rate of approach or recession by menus of tho spec¬ 
troscope. Tf tho star is approaching us, tho lines In the spectroscope, 
according to, Doppler’s principle (Art. 821, note ), will bo Hhiftec.1 
towards the blue; and vice versa, towards the red* If it Is receding 
from us. Dr, Huggins was the first actually to uro this method of 
investigating the star movements in 18G8, and by menu** of it 1m 
arrived at some very interesting results, which, however* must 1m 
admitted to bo somewhat uncertain as regards their quantitative 
value. He found, for instance, that Sirius was recoding from us nfc 
the rate of nineteen miles a second, and that Arotuvus was rush¬ 
ing towards ns at the rate of nearly sixty miles a second ; and re¬ 
sults of a similar character were found for a con&idomblo number 
of other stars. 

Of late the investigations of this class hayo been carried on mainly 
at tho Greenwich Observatory, usually by comparing tho stellar 
spectra with hydrogen and sodium, Tho observations, however, 
are extremely difficult to make, for the displacements of tho linos 
are very small, and in most star spectra the lines am broad and hussy 
and uot well adapted for accurate measurements. The i'chuUh of dif¬ 
ferent days' observations, therefore, for a single star are Bomotumm 
mournfully discrepant. 


niut 

i Tied 


jiMW 




A ogel has recently tnknn up tho work pho* 
tofjraplucalhj at Potsdam, with very encourag¬ 
ing results. Fig. 215 in from ono of bin 
plates (a negative), showing tho diflplncmnont 
towards the rod-of tho ll y lino in thoapoo- 
Displacement of /7y Liue iu the Spec* tmm ft Orion is,, or 2tiffel t awl indicating 
truru^OrioDU. a recession of tho star at a very rapid rata. 

i . Much is hoped in this lino from tho nhofco- 

graphic spectrum-work of the Draper Memorial at Cambridge „f v l. , . 
more will 1* mu,l * few pages farther on. M ’ “ " " 1<Ul 


Fio. m 


t f° 3 ‘, ® tar ‘ Qrou P s - Star-atlases have beon constructed by l»ro< 

; ( r d I I T" man0n ’ wllich 9hw b -v arrows the direction ami ml 
of the angular proper motion of tho stars as far nB now know 

moment's mspeetion shows that in many 0 asos stnTin 7o sa.n 

i» direction an 
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I hm, Plainnmvion has pointed out that the stars in. the “ dipper ” of Una 
Major have such a community of motion, except a and % -th e brighter of 
tlio pointers and the star in the end of the handle,-which are moving in 
ontiroly dilferont directions, and refuse to ho counted as belonging to the 
su-mo group. Fig. 2l() shows the proper motions of the stars which compose 



Vift, 210* — Common Proper Mioiloiirt of films in the " l)l|ipor" of Unn Major. 


tills group. The mm thing appears when their motion is tested by tlu* 
Hpuotvoscopo. Iluggins found that the five associated stars are vapidly 
receding from tlio earth, while a is approaching us, and v)> though receding, 
Iiuh a widely different rate of motion from the others. 

Tin* brighter stars of the Pleiades are found in the same way to have a 
common motion.’ 

In fact, it appears to bo the rule rather than the exception that 
Blurs apparently near each other uro really connected as comrades, 
travelling together in groups of twos and threes, dozens or hundreds. 
They show, as Mien Clarke graphically expresses it, a distinctly 

yt'Mjariouti tendency.” 

80^. The “ Sun’s Way.” — The proper motions of the stars are 
dues partly to their own real motion, and partly also to the motion of 
our sun, which is moving swiftly through space, taking with it the 
cavthumd the planets. Sir William Herschel was the first to investi¬ 
gate and determine tho direction of this motion a little more than 100 
yoaitt ago* The principle involved is this: that the apparent motion 
of each star is made up of its own motion combined with the motion 
of the sun reverse,cl (Art* 402). The effect must be that on the whole , 
the stars in that part of tho sky towards which the sun is moving are 
(separating from each other, — the intervals between them widening out, 

_while in the’opposite part of tho heavens they are closing up; and 

in tho intermediate l>art of tho sky the general drift must he backward 
with reference to the sun's (and earth's) real motion. Just as one 
walking In a park filled with people moving indiscriminately in differ¬ 
ent directions, would, on the whole, find that those in front of him 
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appeared lo grow larger, 1 and tho spaces between Lhmn Lo open out, 
while at the sides they would drift backwards, autl in the rear clone 

up. 

The spectroscope, moreover, ought to inchoate this motion iind.uiidmibl.- 
edly will do ao when the apparent motion in the lino of sight has boon accu¬ 
rately determined for a considerable number of stars. In fact one or lw« 
attempts have already been made to determine tho solar motion in this \\i\y\ 
in the quarter of the shy towards which tho sun is moving, tho star HiHMil.ni 
should, on the wholo, show displacement of their linca indicating apjnvtirh, 
and vice versa in the opposite quarter ; and those observations will have tbu 
advantage of allowing directly the sun's rate of motion in miles t iv ro.siilli 
which is not given by investigation a founded upon tho angular proper 
motions of the stars. As yet, however, this spectroscopic method linn not 
furnished results of any great weight, 

805. About twenty different determinations of the point In the aky 
towards which this motion of the snu is directed have boon worked 
out by various astronomers, using in thoir disousBionB tho angular 
proper motions of from twenty to twenty-five hundred stars. All the 
investigations present a reasonable accordance of rcHultn, differing 
from each other only by a few degroes, and show that tho aim in now 
moving towards a point in the constellation of Hercules^ having a right 
ascension of about 267° and a declination of about + 31°. Thin point 
is known as tho “ apex of the sun's way'' 

806. Velocity of the Sun’s Movement. —Thla also 1 b determined 
by the discussion, and comes out to bo such as would carry the Him 
and its system about 5" in 100 years tie seen from tho average nixlh 
magnitude star (tho sixth magnitude iB the smaUoftt anally vtalbln In 
the naked eye). If we knew with any certainty tho distance of thin 
average sixth magnitude star we could translate this motion Into 
miles; but utpreseut this indispensable datum can bo little more than 
guessed at. On the reasonable assumption adopted by Ludwig Strum 
(who has made the most recent and extensive of all the investigations 
upon the motion of the solar system), that this distance is about 
*i0,000000 times the astronomical unit, tho velocity of tho hiim’h 
motion in space comes out about five units per yenr, that iu, about 
five-sixths of the earth’s orbital velocity, or nearly sixteen m Hub per 
second; but this result must be considered as still vory uncertain. 

1 Theoretically, of course, the stars towards which wo mro moving must appear 
iQyrow brighter as well as to drift apart; but this change of brightness, though 
real, Is entirely imperceptible) within a human lifetime. 
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H in to ho noted that thin awilit motion of the solar system, while of 
1 ‘oiimnti affects fcho real motion of the planets in space , converting them into 
a norf; of corkROiw spiral like the figure (Fig. 217), does not in the least 
affect the relative motion of sun and plan¬ 
ets, as some parndoxora have supposed it 

IIIUHt. 

807, The Central Sun.—We men¬ 
tion this subject simply to say that 
there is no real foundation for the be¬ 
lief in the existence of such a body. 

The idea that the motion of our sun 
unci of the other stars is a revolution 
around some great central sun is a 
very fascinating ono to certain minds, 
and one llmfc 1ms been frequently sug¬ 
gested. It was seriously advocated 
Home fifty years ago by Miidler, who 
placed this centre of the stellar uni¬ 
verse at Alcyone, the principal star 
in the Pleiades, 

It is certainly within hounds to 
deny that any sueh motion lias been demonstrated, and it is still less 
probable Unit the star Alcyone is the centre of such a motion, if the 
motion exists. So far as wo can judge at present it is most likely that 
the stars are moving, not in regular closed orbits around any centre 
whatever, but rather as bees do in a swarm, each for itself, under 
the action of the predominant attraction of its nearest neighbors. 
'Phe Holar system is an absolute monarchy with the sun supreme. Ihe 
great ttldlar system appears to be a republic, without any such central, 
unique, and dominant authority* 

TUB l'ARAIXAX AND DISTANCE OF THE STARS. 

808. Whom we apeak -of the “ parallax ” of the moon, the sun, or 
n ill Anot, wo always mean the diurnal parallax, i.e., the angular 
ee.mi-diame.ter of the earth an seen from the body m question. ^ In 
the ease of the stars, this kind of parallax is hopelessly msens.ble, 
novor reaching an amount of tnrW of a second of me. 

The expression « parallax of a star ” always means its annual pai- 
nllax that is, the semi-diameter of the earth’s orbit as seen from the 
s at Shis in the case of all .tars but a very few is a mere free- 
£» of. , of too small to Ik moos,mod. la. fswm.tm.es. 


Kio. *217. 

Thu Eimh’a Motion In Space ns affected 
by the Sun's Drift. 
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it rises to about half a eeoond, and in tho ono case of ouv nern'cat 
neighbor (so far as known at present), tho star a Contain 1 !, it appears 
to be about 0".9, according to the oarlior observers, or about 0 f/ .7fi, 
according to the latest determination of Gill and Elkin* In Fig, 218 
the angle at the star Is the star’s parallax. 

In accordance with the principle of relative motion (Art. 492), every 
star 1ms, superposed upon its own motion and combined with it, mi 
apparent motion equal to that of tho onrth blit reversed. If tho star Kh 
really at rest it must seem to tmvol around each year iu a littlo orbll 
186,000000 miles in diameter, the precise counterpart of tho ourliru 
orbit iu size and form, and having Its plane parallel to tho collptlu. 


E 



Fiq. SIS. — Tho Annual Parallax of a filar. 


t ^ the star ia near the pole of the eoliptic this npparopt u purulluullo M or hi l 
will be viewed perpendicularly and appear as a circle; if tho star in oil tin) 
ecliptic it will be seen edgewise as a short, straight lino, while in lntormo- 
diate latitudes the parallactic orbit will appear as an ellipse. In itliis 
respect It is just like the “aberrational” orbit of a star (Art. 22(1); but 
ule the abortntional orbit is of the same size for every star, having always 
a sera -majoi alia of 20* .402, the size of the parallootlo orldt depends upon 
the distance of the star. Moreover, in tho parallaotio orbit the star is 

B^Xad’of hei' 10 the eMth ’ Wh116 ^ tUe aberrBtio,,al 01 ' blfc koops just 

809. If we can find a way of measuring this parallaotio orbit, tho 
star s distance is at once determined. It equals 

206 205 x if 


in which jj" is the parallax in seconds of arc (the apparent smnl- 

The determination of stellar parallax had been attempted over ami 

“O"". but wtthont .,,<, 0 ... until 

rsrrs;is. 1 , zrr” e r th ° ^ 

the Cape of Good Honin’ th Q6xt yetlr Hen<]or s°n> of 
P , brought out that of a Centaur!. It will 
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bo remembered that it was mainly on account of his failure to detect 
Ht idlin' parallax that Tycho rejected the Coperuican theory and sub¬ 
stituted his own (Art. 504). 

ltoomor of Copenhagen, in 1090, thought that he had detected the effect of 
stellar parallax in his observations of the difference of right ascension between 
Sirius and Yoga at different times of the year. A few years later, Horrebow, 
liis HucoeKHor, from lus own discussion of Roomer's observations, made out 
tho amount to bo nearly four seconds of time or l f , and published Ms pre¬ 
mature oxultation in a hook entitled tl Copernicus Trium phans.*' The discov¬ 
ery of aberration by Bnulloy explained many abnormal results of the early 
astronomers which had been thought to aviso from stellar parallax, and 
proved that the parallax must bo extremely small. About the beginning 
of the present century, Brinkley of Dublin and Pond, the Astronomer Royal, 
hud a lively controversy over their observations of a Lyras (Vega). Brink- 
ley considered that his observations indicated a parallax of nearly 3", Pond, 
on the other hand, from his observations deduced a minute negative parallax, 
which, an Homo ono 1ms expressed it, would put the star “ somewhere on the 
other side of nowhere , 1 '* In fact, as ib turns out, Pond was nearer right than 
Brinkley, the actual parallax as deduced from the latest observations being 
only about <)",*>. The negative parallax, like the much too large result of 
Brinkley, simply indicates tho uncertainties and errors incident to the 
instruments ami methods of observation then used, .the periodical changes 
of temperature and air pressure continually load to fallacious results, except 
under the most extreme precautions, 


810. Methods of determining Parallax. — The operation of meas¬ 
uring a stellar parallax is, on tho whole, tho most delicate in the 
whole range of practical astronomy. Two methods liavo been suc¬ 
cessfully employed bo far —the absolute and ^ differential 

(a) Tho first method consists in making meridian observations of 
the right ascension and declination of the star in question at differ¬ 
ent seasons of tho year, applying ail known corrections for preces- 
hIou. nutation, aberration, and proper motion, and then studying the 
resulting star-places. If tho star is without parallax, the places 
Hhould bo identical after tho corrections have been duly applied. If 
it 1ms parallax, tho star will be found to change its right ascension 
ami declination systematically, though slightly, through the jeai. But 
tho changes of tho seasons so disturb the constants of the instrument 
timt Sic method is treacherous and uncertain. There is no poBsibii- 
ityof getting-rid of these temperature effects (iu producing c aug 
of refraction and varying expansions of the instrument itsc \) y 
merely multiplying observations and taking averages , si 
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olmugca of temperature are themselves annually periodic, Just uh \h 
the parallax itself* 

Still, in a few cases tho method lins proved sueeoHHfhl. DllTmvnl 
obseivera at different places with different instruments have found 
for a few stars fairly accordant results; as, for Instance, in tlm rune 
of a Centaur), already mentioned as our nearest neighbor. 


811. ( b ) The Differential Method.—This consists in immsuriiig 
the change of position of tho star whoso parallax wo arn Booking 
(which is supposed to be comparatively near to us), with relhronon In 
other small stars, which ara in tho same tolesooplo Hold of view, Imt 
are supposed to be so far beyond tho principal Hfcnr an to lmvo no 
sensible parallax of their own. If tho comparison stars arc near 
the large one (say within two or throe mlnutoH of arc), the ordinary 
wire micrometer answers very well for the necessary men hu res ; I ml. 
if they are farther away, tho holLomoLer (Art, 077) rcproHunlH hpooinl 
and very great advantages. It was with this instrument that IIomhuI, 
in the case of G1 Cygnl, obtained tho 11 rat success in this lino nf 
research. 


The great advantage of tho differential method In that It avoids 
entirely the difficulties which ariso from the uncertain turn iih l.o flic 


exact amount of precession, etc,; and in grout iuouhiuv, though not 
entirely, those arising from tho olToet of tho seasons upon relmntlim 
and the condition of tho Instruments. On the other hand, however, 
it gives ns the final result, not tho absoluto parallax of the star, lint 
only the difference between it a parallm and that of the ctmptrrfstm 
star. If the work is accurate the parallax deduced mmtnl fai too 
great; but it may be sensibly too small , and so may make tho ntar 
apparently too remote. This Is beoniiBO tho parallax of tho compnrlHcm 
star can never be quite zero: if the comparison star happens to huvt- 
a parallax of its own as large as that of tho principal star, thorn 
will be no relative parallax at all; if larger, tho parallax sought will 
como out negative. . 


I. “Lu^r^r. * f P “ all “ by u 

p f t0 lMGBB P^tograpliy into tho service, and 

rofiimr PrlMm-,1 lies obtained apparently oMolloiit raailtn to,,,, „„ 

ot 01 ° re " 1 - -- i . 
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urumenta ft t once who wed up the faulty plates, so that they could bo confi¬ 
dently rejected. The measurements made upon the other plates appeared 
to be just an trustworthy as measurements made upon the actual objects in 
the sky; ami of course the measurement of a photographic plate at leisure 
in one’s laboratory is a vastly more comfortable operation than that of 
making inicrometrio settings by night. 


813. Selection of Stars. — It is important to select for investigations 
of this kind those stars which may reasonably be supposed to be near, 
and, therefore, to have a sensible parallax. The most important indication 
of proximity is a large proper motion,- and brightness is, of course, confirm¬ 
atory. At the same time, while it is probable that a bright star with 
largo proper motion is comparatively near, it is not certain. The small stars 
are so much more numerous than the large ones that it will ho nothing sur¬ 
prising if we should find among them one or more neighbors nearer than 
a (hmtauri itself. 


814. Unit of Stellar Distance. — The Light-Year. The ordinary 
>•( tiitronomkal writ" or distance of the sun from the earth, is not 
Hullldeutly largo to bo convenient in expressing the distances of the 
stars. It is found more satisfactory to take as a unit the distance 
that light travels in a year, which is about 63,000 times the distance 
of tlm earth from the sun. A star with a parallax of 1" is at a dis¬ 
tance of 3.26 "Unlit-years" so that the distance of any star in “light- 
years ” is expressed by the formula * 


815. Table IV, in the Appendix, based upon that given in I-Iouzeaii s 
Vudo Mcmim do TAstronomy” but brought down to date by some 
uddiUoim ami changes, gives the parallaxes, and the distances in 
light-years, of those stars whoso parallaxes may be considered as 
now fairly determined, 


Tim student will, of course, see tlmt the tabulated distance m the ease ot 

a remote star is liable to an onovmous percentage ot error. Considering the 

amount of discordance between the results of different observers, it is 

extremely charitable to assume that any of the parallaxes me ceito 
ext eme y urn o£ ftStar like the pole-star, 

^ * * » r ? 

la i of the whole amount; so that the distance of that star ,s uncertain by 

irt 'least twenty-five per cent. (A of a second is the angle subtended 

by * of an inch at the distancm of ten miles.') 
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A vigorous campaign has lately bcun organized for tlio purjXLsn of nliluin- 
nig within a reasonable timo the parallaxes of a eonshlerublu number id 
stars (perhaps one or two hundred), — enough to ouabln us tr> deduce ho mo 
general laws by statistical methods, Tbo instruments to bn lined uio holb 
oineters of six or seven inches’ aperture, one of wliicili in at Uni Ciijm of 
Good Hope, another has just been erected jit Hamburg in (immmy, inul n 
third is at Now Haven in this country, under tlui charge of I>i\ Klklu. 

As regards the distmico of stars, tlm jmrnllnx of which bun not yet licmi 
measured, very littio can be said with certainty. It \» probuhln that I lie 
remoter ones arc bo far away that light In making its journey i)emi|iieH u 
thousand and perhaps many thousand yours. 

815*. Since the above was written I)r. Klkin lias published tlio result 
of his observations upon ton ftrstrinfignitmln stars, uh folloWH! a Tuuii 
(AWefiaran), 0'M10±.020 ; a Aurlgm (Capclh), O'M07 i .(M7; a Oihmin 
{Bctelgueze), -0".00D ±.040; a Canis Minorls !2ll(l h .1)47 ;/:*( hum 

inormii (Pollux), 0",008 ± .017; a Leouls (Regain*), (I'MMh,<I4H; a It noth 
( Arcturus ), 0".018±,022j a Lyrro (Vega), O'MlM±.040; a Aiiuillin (Atluiv), 
O'M90 ± .047; a Cygnl (Deneb), — 042 ± .047. 

Of course the two negative results simply indicate that the parallax nf the 
largo star w ob le bs than that of the comparison stai's employed. The very 
small results for Yega and Arcturus aro also rather surprising. Him TiildV 
fV r . of Appendix. 
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CHAPTER XX* 

THE LIGHT OF THE STARS. — STAR MAGNITUDES AND PHO¬ 
TOMETRY.— VARIABLE STARS. — STELLAR SPECTRA. — SCIN¬ 
TILLATION OK STARS* 


816. Star Magnitudes. — The term “ magnitude,” as applied to a 
star, refers simply to its brightness. It has nothing to do with its 
apparent angular diameter. Hipparchus and Ptolemy arbitrarily 
graded the visible stars, according to their brightness, into six classes, 
the stars of the sixth magnitude being the smallest visible to the 
eye, while the first class comprises about twenty of the brightest. 
There is no assignable reason why six classes should have been 
constituted, rather than eight or ten. 

After the invention of the telescope the same system was extended 
to the smaller stars, but without any general agreement or concert, 
so that the magnitudes assigned by different observers to telescopic 
stars vary enormously. Sir William Herschel, especially, used very 
high numbers : his twentieth magnitude being about the same as the 
fourteenth on tho scale now generally used, which more nearly 
corresponds with that of the elder Struve. 

817. Fractional Magnitudes. — Of course, the stars classed to¬ 
gether under one magnitude arc not exactly alike in brightness, but 
shade from tho brighter to tho fainter, so that exactness requires the 
use of fractional magnitudes. It is now usual to employ decimals 
giving tiro brightness of a star to tho noarost tenth of a magnitude. 
Thus, a star of 4.3 magnitude is a shade brighter than one of 4.4, 
and so on. 

A peculiar notation was employed by Ptolemy, and used by Argelander 
in his “ tlrnuomotvia 1 Nova.” It recognizes thirds of a magnitude as tho 
smallest subdivision. Thus, 2, 2,8, 3,2, and 3 express the gradations 
between second and third magnitude, 2,3 being applied to a star whoso 
brightness is a little inferior to tho second, and 8,2 to one a little brighter 
than the third magnitude. 


1 Tho term '* Uninometria ” has conic to moan a catalogue of naked-eye stars} 
like tho catalogues of Hipparchus, Ptolemy, ami Ulugh Belgh, 
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818. Stars Visible to the Naked Eye.— Hein eiuimerntuH tin, 
stars clearly risible to the naked oyo In the part of the sky iiorili of 
35° south declination, ns follows : — 


1 st magnitude,. ]4 


2d “ .48 

3,1 “ . . . .. . 162 


Total . 


4lh magnitude,.813 

6th " .80-t 

Oth « .*2010 


8301 


According to Newcomb, the mini her of stars of unoh magnitude is nunli 
that united they would give, roughly speaking, Homowhorn nearly the huh m 
amount of light oa that received from tho aggroguto of liman of lint next 
brighter magnitude. But tho relation is yory far from exact, uml hihmjih In 
fail entirely for the fainter magnitudes below tho tenth or nlnvniilli, the 
smaller stars being less numerous thnn they should bo t In fant, if 1-Un law 
held out perfeotly, and if light was transmitted through apnea without Ujhh, 
the whole sky would be a blaze of light like tho surfneo of tho twin. 


819 . Light-Eatio and Absolute Scale of Star Magnitudes. — h 
was found by Sir John Herechel, about fifty years ngo, that the light 
given by the average star of the first magnitude in just about nno 
hundred times as great as that received from ono of thu sixth, and 
that a corresponding ratio lias been pretty nearly maintained thmugh- 
out the scalei ofjiuigmtudos, tho stars oF orioh magnitude lining about 
times (V 100 ) brighter than those of tho next inferior magnitude, 
i ho number which expresses the ratio of tho light of a star hi Unit of 
another one magnitude fainter is called tho Ughl-mlto. 

In the star magnitudes of tho maps by Argclaiulor, Hois, and nthm*, 

i ^ 08t l, ? Gd at P re0eufc i tho divergence from a wiriest uniformity 
o lgfit-ratio is, however, sometimes serious. Some forty yours turn 

l c T~ A b J POg80n t0 Wio^eyHtoin, hy nilo},tli W a 

mnlnil ? T llgl,t ' 1,atio of ^0, "^uKtlng tli« llmt hIx 

2 ! !, rrr* m uoariy 118 i,osBibi ° wuu ti>« n.uM..iL.K 1 ..K 
t l , by &clil1g autl,01 ' itleB ’ ail( l then carrying forwml 

■‘ «r? l w / y ftm ° Dg the te,eac ° lll ° 8tarB - U »H1 weetiy thin 

Jit1 til !t 1,(18 bcfi11 onl!ot1 ' '»«* »«t >*«» 

and nf 7 »'^ 1 ’ th u Kew lTmnoniGtl 'l as ma( lo (it CmnbJ'hlgo (IJ.S,) 
j or ns ^ een Adopted, and nstronomcra generally no>y 

endeavor to conform to it. J 


E8lative BriffttneM °f Different Star Maguitudeg_In thin 

»e ght-ratfo between auacesalve magnitudes is made oxtiutl.Y 
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•\/|0() , or the number whose logarithm is 0.4000, viz., 2.512, Its recip¬ 
rocal is the number whose logarithm is 0.0000, viz., 0.3981. If 5, is 
Hu* brightness of ti standard first-magnitude star, expressed either in 
on mile-power or other convenient uuit, and h„ be the brightness of a 
star of the nth magnitude on this scale, we shall therefore have 

K = log 5. — -Ay (» — 1) i 

(» — 1) in this equation being the number of magnitudes between the 
star of thu lirst magnitude and the star of tho nth magnitude; i.e ., 
fur n star of tho sixth magnitude (n — 1) is 5 ; so that for a star of 
tho sixl.li magnitude the equation reads, 


log 5„ = log 5, — -jV X 5 — log E»i — 2. 


With this light-ratio, every difference of live magnitudes corresponds 
to it multiplication or division of the star’s light by 100 ; i.e., to make 
Him star as bright as the standard star of the first magnitude it would 
require 100 of the sixth, 10,000 of the eleventh, 1,000000 of the six¬ 
teenth, and 100,000000 of the twenty-Iirst magnitude. 

As nearly standard stars of tho first, magnitude on this scale we 
luwe a Aquihu and Aldebarau (a Tauri). The other stars usually 
counted as of first magnitude are some of them sensibly brighter, and 
others fainter than these. The pole-star and.tho two “pointers” are 
very nearly standard stars of the second magnitude. 


821. Nogativo Magnitudes. — According to this scale, stars that are 
.me magnitude brighter than those of tho standard first would be of tlie zero 
magnitude (as is tho ease with Arcturus), ancl those that are brighter yet 
would I.., of a negative magnitude) e g., the magnitude of Sirius is -1.4.1 j 
ni id Jupiter at opposition, in conformity to this system, is described as a 
H lur of nearly -2d magnitude, which meaim that it is nearly 2.ol, or about 
I It times brighter than ft star of tho + 1st magnitude like Aldabaran. Accord- 
i ng to Scid.il, Jupiter at opposition is about 8* times as bright as T ega, which 
would make its " magnitude ” -2.09, Vega being of magnitude 0.2. 

822. Eolation of Size of Telescope to the Magnitude of the 
Smallest Star Visible with it.—If a telescope just shows a star 
of a given magnitude, thenTo show stars one magnitude smaller 
we require an instrument having its aperture larger in the ratio of 
V2.fU2 (or a/T 00) to 1; U., as 1.59 il. Every tenfold increase 
in tho diameter of the object-glass will therefore carry the power of 
vision just Jive magnitudes lower. 
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Assuming what seems to be very nearly truo for normal oyen and good 
telescopes, that the minimum visible fov a one-inoh aperture is a star of the 
ninth magnitude, we obtain the following litfclo tnblo of apertures required to 
show stars of a given magnitude. 


Star Magnitude. . 
Apertures. 1 

7 

0 ln .40 j 

8 ^ 
oKa3 

0 

l'».O0 

10 

I'ti.60 

_ 

ii 

a'o.oj 

Star Magnitude. . 
Aperture. 

18 

0*81 

u j 
10 ta ,00 

15 

15 bl .00 

10 

17 

!W ln .8() j 


But on account of the increased thickness necessary in the luimun of largn 
telescopes, they uover quite equal thoir theoretical capacity as compared with 
smaller one*. 

The smallest stars visible by the Lick telescope (thirty-six: inohus n]w.n Uii’o)> 
after allowing for all the advantage of the site, aro not quite n whole iiiftgmUuln 
below the smallest visible with the Washington tcJesoopaj but the tiwnhrr 
visible will bo at least double; since the smaller, stars are vastly the more 
numerous. 


823* Measurement of Star Magnitudes and Brightness--—Until 
recently all such measurements were- more oyo-osfclmntus, and even 
yet all photometrlo measurements depend ultimately on the judgment 
of the eye. But it is possible by tlm help of instrumynts to uicl LIiim 
judgment very much by limiting tlio point to bo decided, to tlm 
question whether two lights as seen aro, or are not, exactly orpin), 
or else making the decision depend on tlio visibility or lion-visibility 
of some appearance. 


824, Method of Sequences, — For some purposes the unaRHinUid 
eye Is quite aa good as any photometric instrument* It judgOH 
directly with great precision of the order of brigJdima in which » 
number of objects stanch In tlio method of u sequences, j; nw it \h 
called, the observer merely arranges tko stars he is comparing, way 
to the number of fifty or so, In the order of thoir brightness, hiking 
ORte that the stars in each sequence list arc nearly nt the sanm 
altitude, and Been under equally favorable olrcumstnncos, Tjion Jhj 
makes a second sequence, taking care to include in it Homo of tlio 
stars that were in the first; and so on. Finally, from tlio whole net 
o sequences, a list can be formed, inohidlug all tho stars contained In 
jun o em, arranged in the order of brightness, This proocas given, 

zr?: T, ^ e ^ nn . ti0U ot fche nor of tho number of 

tmiLs by which the light of the brightest exceeds that of the faiincet. 
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Vauablo ritars aie still often obseived in this way, the stais with which 
they aie computed, being such as have their magnitudes alieady well deter¬ 
mined 

825 2. Instrumental Methods —These are based on two different 

principles»— 

a The measuiemenl is mode by causing the star to disappear by 
diminishing its light m some measiuable way* Tins is usually lofened 
to as the “ method of extinctions ” * 

b The measurement is effected by causing the light of the stai to 
appear just equal to some othei standaid light, by decieaamg the 
bughtness oi the star or of the standard in some known latio until 
they are peifeotly equalled 

Undoi the in si head come the pliotoiueteis which act upon the pnnciplo 
of "limiting apeituies” The telescope is‘fitted with some anangement, 
often a so called “ cat’s-eyo,” by which the available apcituie of the object- 
glass cau bo diminished at will, and the obsoivation consists in deteunimng 
with what aiea of object-glass the stai is just visible. The method is om- 
banassud by constant cuois fioin the fact that the gioatci thickness of the 
glass m tho middle of the lens comes into account, and, still woise, fioin the 
fact that the imago of the stai becomes laigo and diftuso on account of 
dilliaotion when tho apoitme is voiy much ieduced 

820. Tho Wedge Photometer. — The method of producing the 
“ extinction ” by a "toedge” of dark, nonUai-tinted glass is much 
bettor* Tho wedge is usually fivo or six inches long, by peihaps a 
quaitor of an inch wide, and at the thick end cuts oil 1 light enough to 
extinguish the brightest stars that aio to be obseived* In the 
Prtlohaul foim of the instrument tins wedge is placed oloao to the 
eye at tho oyo-hole of the oyo-pieco; m some olhoi forms it is placed 
at tho prmoipal focus of the object-glass, wlioio miotometor wires 
would be put. 

In observation tho wedge is pushed along piomptly until tho stai 
just disappears, and a graduation on tho edge of tho slider is read. 

Tho gioat simplicity of tho instiumont commends it, and if the wedge is 
a good one of leally neutral glass (which is not easy to get), the lesults aio 
lonmikably aooimito Hut tho observations aie very trying to the eyes on 
account of tho shaming to keep in sight an object just as it is becoming 
invisible Tho constant of the wedge must bo caiefully dotoi mined in tho 
laboiatoiy, i c , what length of tho wedge conesponds to a diminution 
of tho light of a stiu by just one magnitude (cutting off 0,002 of its light). 
It is convenient to havo the slidoi graduated into mchoa or nullimotois on 
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tlio ono edgo and magnitudes on ilio other. The ° Urnnunmfrm Nova D\i>- 
uIqiibIb is acataloguooE tlm magnitudes of the nukod-oyo slura lo Lhu number 
of 2784, botweeu tlio pole and 10° south declination, observed. with an 
instrument of this kind by Professor Pritchard, and published In lfiHfi. 

827. Polarization Photometers. —Tlio insti'uinontu, Iniwovor, with 
which most of tlio accurate photometric work upon the stars has been 
done, are auoh as compare tho light of the star with some stnndiml 
by means of an u equalizing ajTparatuH M based on the iipplicutioii of 
the principles of double refraction and polarization. 


The light of either tlio observed star or the comparison star (real or 
artificial) is polarized by transmission through a Kieol prism, or ulmi I ml h 
pencils are sent through a double refracting prism. The iiiiugOH arc viewed 
with a Nicol prism in the oye-plecoj ami by turning this the polarized linage 
or images can be varied in brightness at pleasure, and the amount of vuHii- 
fcion detormined hy reading a small circle attached to it, in tlio phoUnnolorH 
of Seidel and Zblhior, who observed comparatively few objects, hut very 
accurately, the artificial star with which the real stars worn compared was 
formed by light from a petroleum lamp, shining through a Hitml.l aperture, 
and reflected to tlio oyoby a plate of glass in tlio lolescopn tube, Professnr 
Pickering, in his extensivo work ombodlod in Urn “ Harvard Pholciiimtry *' 
(published in 1884, and giving the magnitudes of 42(10 stars) used tlm 
pole-star as tlio standard, bringing it by an Ingenious arrangement Into llm 
same field with the star observed. 

Photo metrio observations in many ohhoh require hirjju and hoium- 
wlmt uuoortain eoiTcctioua, especially for the almorpliun of light by 
.the atmosphere at different altitudes, and the (hull i’chuILh of different 
observers naturally fall of absolute accordance, Still the ngnimnenl 
between the two catalogues of Pickering and Pritchard Is roimirkiibly 
close, generally within one or two tenths of a magnitude. 


828. The Meridian Photometer. — This Instrument, contrived mid 
used by Professor Pickering in the observations of tlio Harvard Photometry. 
consists of a telescope with two objected asses side by side, Thu loi*m;nm in 
pointed nearly east and west, and in front of each object-glass is placed u 
silvered glass mirror (J/j and AT* Pig, 210) at an angle of <W, <)„„ of ihn 

mirrors is so set as to bring tlm rays of the pole-star to o L .o olijoet-glasH j tin, 
other imrror is capable of beingtuvnod around tlio optical axis of tlm lnlcsomn*, 

r ST , a ™ yft V° commnd 8t ^ at any part of the meridian, and bring its 
light into the other object-glass, At tlm oyo-end is placed, first (<.*, next Iho 
objectrglaaa), a double-imago prism Z>, which separates any pencil of llglit 
falling upon it into two, polarized at right angles to each obhov. Tlm “ ordb 
Wy rays come through nearly undoflootod, but the « extraordinary ’> urn 
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limit nut of fcflfei v course, us indicated in tlie figure, where the pencil A , coming 
from object-glass No. 1, is divided into two pencils and a 6i and in the 
siinm wav the pencil B, from the second objective, is divided into b Q and b t , 
angle of the doubledmage prism D is so chosen that a 0 and & 0 will ho 
nearly parallel to each other, nud a suitable diaphragm 1 E cuts off the two 
oilier pencils u 0 and h 0 , A Ni«ol prism iV receives the two pencils that come 
through the diaphragm, and the eye views the two images through the eye¬ 
piece at 7, These pencils, being polarized at right angles to each other, will 
vary in their brightness when the Nicosia turned, one of them becoming 
brighten* and the other fainter ; and four positions of the Nicol can be found 



nt which the images will appear equal in brightness, whatever may be the 
original ratio oil brightness between the pole-star and the object observed. 
On looking into the instrument the observer sees two stars, the pole-star at 
rest, the other moving along as in a transit instrument. lie simply turns 
(ho Nicol until the images nve equalized, setting the Nicol at all the four dif¬ 
ferent positions which will produco the effect, and reading the graduated 
uireltv (7. The whole- operation consumes not more than a minute, with the 
help of an assistant to record the numbers as road off. The “Harvard Pho¬ 
tometry ” (usually referred Lo simply as “ IT. P ") was made by means of an 
instrument with object-glasses only two inches and a half in diameter. An 
instrument with four-inch lenses is now at work in Cambridge, measuring 
thn magnitudes of all the nearly 80,000 stars of Argelander’s Durchmus- 
tmtiiffi which are of Urn eighth magnitude or brighter. 

829. Photometry by means of Photography. —It 1ms been found that, 
except ing a few strongly colored stars, the intensity, or move simply the size, of 
Urn image of a star formed upon a photographic plate may be used as a meas¬ 
ure of: its brightness as compared with other stars taken on the same plate, 
m* on similar plates similarly exposed. The comparison becomes easier and 
morn accurate if the photographic telescopic is not made to follow the stars 
exactly, but is allowed to lag: a little so that the star forms a “ trail." It will, 
therefore, bo possible to use the plates of the great photographic star campaign 
to do Lor mi no star magnitudes ns well as positions. But, as has been intimated, 
there arc Koine anomalies; certain stavs, for instance, that are hardly visible to 


i The diaphragm J57 may bo replaced by an eye-stop at I. 
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the naketl oye, photograph ns bright stars, and there avo ofchtfrs— n«l htnrs 
— that are abnormally faint on tlio plate. The exceptions avo mimovmut 
onough to make it necessary to use photographic magnitudes with ciuitinn. 


830. Btar Colors and their Effects on Photometry.—Tlio stars 
differ couaidcrably in color. The majority avo of u very pure white, 
like Sirius aud the aim, but there arc not' a Pew of a yellowish hue, 
like Capelin, or reddish, liko Aroturus and Autnrea ; and thorn imi 
some, mostly small stars, which are ub red us tfamotH and rubtaa. 
Vi r Q also hayo, associated with larger ones in cloublo-fttnr Hyntmufl, 
numerous Biuall stars which are strongly greon or blue ; and them 
are a few large isolated stars, which, liko Vega, are of a decidedly 
bluish tinge. 


These differences of color embarrass photo in otrio measurements made by 
cither of the methods described, because* it is impossible to malto a red slur 
look identical with a blue one by any mere iuoreuso or diminution of bright¬ 
ness, and because different observers will differ in sotting tin* wedge of an 
extinction photometer according to tho color of the star, Some eyes arc 
abnormally sensitive to blue light, some to red. To tlm writer, for instiumo, 
Vega Is decidedly superior to Arc turns, while the majority oC ohsurvora see 
the difference as decidedly the other way. 


831, Spectrum Photometry. —Tho only completely KutlHfuolory mid 
scientific method would bo to compare the HjHJctra of tlm slurs with Koine 
standard spectrum, say that of the pole-star, dividing the spectrum into u con¬ 
siderable number of portions, and determining and recording the amount 
of light in each portion of the Apec.trum ns compared with homologouH jmrU 
of tho standard spectrum. Thin, of course, would immensely Incmiso the 
work of comparing the brightness of tho stars; but it is quite feasible to do 
it for a few hundred of the brighter ones, and it would bo well worth accom¬ 
plishment, If we ever succeed In getting photographic plates equally huh- 
ai ive to iajs of all wave length, photography would answer tlio purpose well, 


838. Starlight compared with Sunlight. — Tho light received from 

L!,Hn t n7' S " ( i!' Kl H w ! ike Veg!l ie ftboi,t (ono J-orlv 

tlio lsaud millionth) of that from tho sun, according to tho da to nil I- 

nations of Zfillncr nud others, Tho measurement, is not easy, nml 

must he taken ns Imviug a very considerable margin or error. 

Smns is nearly equivalent to six of Vega, ita light holng about 

tti iio oa t n r r g °f the sun’s. 

Since the light of a sixtli-maguitLide Btnr is only of that of a 

Oo7nn f ’7 ,, 'Ti tUd6 ; it f0ll0WB aat U 1‘cquivo 4,000000- 
00000 of stars of tho 6th magnitude to give ns sunlight. 
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833. Totll Light of the Stars —Assuming what is loughly, though 
iioL exactly, tiue, that Aigoltuidoi's magnitudes follow the standard 
scale, it appeals that the 324,000 stais noiLli of the equatoi enumoi- 
ated in Ins Duichmuitei mg give a light about equal to that of 240 fust- 
iM agnitude situs , but it is not lc cable that the aggregate unionnt of light 
given I)} the stais in each of the faintei magnitudes me leases mpidly 


The following is the estimate, substantially aoioi cling to Newcomb — 
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Total = 2LO 

IIow much lo add ioi llio still snmllei magnitudes is wiy uueoiliun Ug- 
yoiul the lentil magnitude the liiunbci of small stiiiadoes not mu case pio 
poitiomitcly Cast, so that if wo could canyon the account of stais to tho 
twentieth magnitude, it is pnidioallyccn tain that wo should not find the total 
light of the aggiogato stuis uL each succeeding' liiagniLudc lmueasing ab 
any such late as fiotn tho seventh to the tenth Poihaps it would be a not 
umcnsonablo estimate to put tho total starlight ol the mntlicin hennsphoio 
as equivalent to about 1600 hud-magmUulc situs, oi Hint oE the whole aplioio 
nt MOO This would make the total stmlight on a clear night about of 
the light of tho full moon, and about ^ that of tho sun Tho light 

horn tho stius winch aie visible to the naked eye would not bo ns much 
as fa ot the whole hut the above estimate oi the light icceived fioiu the 
exlioiuGly small stats is baldly nioie than a inoio guess, and may heioaftoi 
lccoive impoilanfc collections 

834 Heat from the Stats —Attempts have been made to mons- 
mo by a sensitive thermopile tho heat lecoiral iiom cot turn situs, 
lloth Huggins and Stone (about 1870) thought they hud obtained 
• sensible indications of heat fiom Aictuins and Vega , hut then results 
have not since been coninmcdj and unless tlio uuhatiou of invisible 
cncigy by these slurs is much gioutm in comparison with thou light 
than is the case with the sun, it is almost coitmn that there must be 
some illusion m the nmttoi i o oiro (?tto o <r ^ sun 1 ** heat could 
haidlv bo shown by mi) insliumonl known lo science, and theieis no 





476 AMOUNT OF LIGHT FllOM CURTAIN STAUK. 

present reason to suppose that the total heat received ffl>m the Hturtt 
hears a larger ratio to that received from the sun than star light does 
Lo sunlight. 

836. Amount of Light emitted hy Certain Stars. — Tills, of uoui'bc, 
is something vastly different from that received hy ua. A star may 
emit hundreds of times as much light as the sun, and yet, if the ntnr 
is remote enough, the amount that roacliOB tho earth will be only tin 
excessively minute fraction of sunlight. If l bo the amount of light 
that we receive from a star, expressed in terms of sunlight at tho earth, 
then the total amount of light emitted, L, is given by the simple equation, 

L = l*D\ 

D being the distance of the star in astronomical units, while Jj is 
expressed In terms of the sun's light emission. 

Turniug to tho table of stellar [mrullax (Appendix, Tublu IV,) t 
we (ind that, aocording to Grill & Elkin, D for Sirius equals M2, 000 ; 

whence, for Sirius. L = ——^ 42 0 * 

7000 000000 

that is, the light emitted by Sirius is more than forty times uk much 
as that emitted by the sun. 

If we use the value of the parallax of thin star as detenuinod hy A blti*, 
namely, p tf — 0",278 ( wo bIuiII got L= 08, while Oyldon ’h value of tho parallax 
(0".10S) gives h- loo. In either ease, howovor, it is clear that Sirius omils 
vastly move light tlmn the sun. 

Similarly for the pole-star (p = 0",00), L = 0;J• for Yaga (p ^ O'M 1), L 
00i a Centauvi (p-0”.75), L = 1.0; 70 Ophuuild (p^O'MO), IJL 

Cygni (p=rQ",43), L = 21,258 LI. (p = 0".20), 

The companion of Sirius is a little star of this ninth magnitude, 
which forms a double-star system with Sirius itself. The light cmi lied 
hy this companion does not exceed T *i m that of Sirius. 

830. Causes of Differences of Brightness in Stars, — It used to bo 
thought that the stars were all very m uch alike in magnitude and eon- 

usot maklnff thia calculfttl0tl tllQ of the Harvard I’hotomciry wore 
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itituUun , not, indeed, wilhouL conbidouble diUcionces, but as imuh 
esembling each otlioi as do individuals of the «amo nice It is now 
1 mto ceitam that this is not the ease, as is obvious fiom the shoib list 
iT actual light emissions just given 

If the stais weie all alike, all the dilLeronees of apparent bnglUness 
would be tuicoablo simply to dilloicnees ot distance, but as the facts 
lie, we have to admit ofcliei causes to be equally eilectivc The dif- 
reiences of bughlucHS aie due, jnit y to dideience of distant?; sec- 
mil, to dilteieneo of dunennon^y oi of light-giving aiea, thinly to 
liiforence m the hulhame of the lujhl-(j\mmj sin fate, depending upon 
Ulteienee ot tempeiuturo and constitution Tlieio aio sins neiu and 
lciuoIc, Kige and small, intensely incandescent and baiely globing 
with incipient or failing light 

As Hcssel puts it, thine is no lcnson wliy tluuo may not be 44 as 
many (huh slais as blight ones M As we shall soon sec, the compan¬ 
ion of Sinus, though only giving about pint us much light as 

Sums itself, is at least part as heavy , so that, mass Joi it 

cannot he xdVu pail us luminous 

When wo compute slnis by the thousand, we can say oL the tenth- 
nmgmUide stars, loi instance, ns compaiod 'with the fifth, that «s a 
chm they aio mote mmole } and also, just as tinly, that their aieuuje 
iliamelen> (ue wna/leiy and also that their siw/titn me less bulhant, 
blit wo must ho catcf ill not to make any ussoilions of this smt icgni fl¬ 
ing any one star of the tenth magnitude compaiod with a paiticular 
Individual of the fifth, unless wo ha\o some almoin to knowledge of 
their lelativo distances. The faint star may ho the largei of the two, 
ol the hotter, or the noaicr. We must know something beyond thou 
relative “magnitudes” bofoic it is possible to Bottle such questions 

| 837. Real Diameter of Stars. — We have no knowledge whatever 
as to the real diamelei of any star As to the appaionl angular (Ham- 
oler, we can only say negatively that it is insensible, m no caso being 
known to i ouch 0" 01 If thoio bo a stai of the samo diameter as om 
sun, at such a distance that its piniillux: equals one second, its appnr- 

^cjo if/ 

cut duimctei must be — (The sun’s mean angulai diametoi is 
200265 

1924." (Ait 270) ) This equals 0" 0093 — a quantity far too small 
to ho reached b> any ducot measuiement, especially since, even m the 
lack telescope, the 44 spurious ” disc of a star has a diameter of nearly 
and m smnllet telescopes is much huger (about 0" 4 m a tcn-uich 
telescope), 
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There is a theoretical connection between the diameter of the diffraction 
rings seen around the imago of a star in the telescope, itud the real (as 
opposed to the spurious) diameter of tho imago 5 by comparing* therefore, 
tire actual size of the rings with the sizo they should have if tho star wore an 
absolute optical point, we might hope to get a dotonnination of tho star’s 
diameter. But no such attempts have &uoooeded, anti at present no way 
seems open for obtaining the desired measurement. In some cases, as wo 
shall see later, the ?nrm of a star as compared with that of tho non can ho 
found; but not its volume or its density, sinco those require a knowledge of its 
diameLer. 

VARIABLE STARS. 

838. A close examination shows that many stars ohango their 
brightness. As a general rule, those which do this, and nro culled 
"variable" are reddish in their color; while comparatively few of 
the white atarB belong to this Glass. Tho ynrlnblo starH limy 1)0 
classified 1 as follows: — 

I. Cases of blow continuous change. 

II. Irregular fluctuations of light: alternately brightening ami 
darkening without any apparent law. 

III. Temporary stars, whloh blaze out suddenly and then iHh appear. 

IV. Periodic stars of the type of o Ceti, UBimlly of long period. 

V. Periodic stars of short period, of tho typo of ft Lyric. 

Yl. Periodic Btars in which the variation is like that which would 
be the result of an eolip&o by some Intervening body — tho 
Algol type. 

830. I. Giiadual Changes. On the wholo, tho changes in llui 
brightness of the stnrs Bince tho time of Illpparohus and Ptolemy 
have been surprisingly small. There has boon no general incrounu 
or decrease in tho brightness of the stars os a wholo; and there arc 
fow' coses where any individual star has alto reel Us brightness by li 
half or even a quarter of a magnitude. Tho general apjwcirctnCQ of 
the sky is the some as It was 2000 years ago; 90 tlmt notwithstand¬ 
ing all tile effect of proper motions In tho meantime and tho wholo 
amount of the variation that has taken place in tho brightness of tho 
stars, there is no doubt that if either of those old uslronomorti woro U) 
come to life he would immediately recognize the familiar constellations. 

Tkeie are a few instances, however, in whloh it Ib almost oovtaln 
that change haa taken place and is going on. In the time of Eratos- 

1 pils dftis'flcaUon is substantially that of Professor Pldcerinif, aUirlilly 
mouifleil, however, by Houzeau. 



MISS I NCI STABS, 


479 


Uienus the star in the u claw of the Scorpion 0 (now p Libra) was 
reckoned the brightest in the constellation. At present) it is a whole 
magnitude below An taros, which is now much superior to any star in 
the vicinity. So when the two stars Castor and Pollux in the constel¬ 
lation (icmini were lettered by Bayer, the former, a, was brighter than 
Pollux, which was lettered fi ; blit fi is now notably the brighter of 
the two. Taking the whole heavens, we find a considerable number 
of HUoli cases ; perhaps a dozen or more. 

840. Missing Stars. —*It is a common belief that since accurate 
Htar-outalogues began to be made, many stars have disappeared and 
not a few now ones have come into existence. While it would not 
do to deny absolutely that anything of the kind has ever happened, 
it Is certainly unsafe to assort that it has. 

d 

Thorn are a considerable number of cases where stars are now missing 
from the older catalogues as published , — nearly, if not quite, a hundred,— 
but in almost every instance examination of the original observations shows 
that tlm place as printed was a mistake of some sort which can now be traced, 
—sometimes a mistake of the recorder, sometimes in the reduction of the 
observation, and sometimes of the press, In a few cases the star observed 
was u planet (Uranus, Neptune, or an asteroid); and in some cases the 
missing Htur may have been a “ temporary start 0 as, for instance, 55 Heroulis, 
which was observed by the elder Ilerschol, So many of the missing stars 
avo now satisfactorily explained that it is natural to suppose that the few 
cases remaining are of the samo sort. 

There is no known instance of a new star appearing and remaining per- 
nmmmtly visible, 

841, II. Stabs that exhibit Iukkgulab Fluctuations in 
Hhkhitnkhs, The most conspicuous example of this class is the 
strange star y Argus (not visible in the United States), This star 
mngOH all the way from the zero magnitude (in 1843, when, according 
to Sir John Ilerschel, it was brighter than every star but Sirius) down 
to the Hcvonth magnitude, which is its present brightness and has been 
ever sinco 1805, 

Between 1G77 (when it was observed by Halley as of the fourth magni¬ 
tude) and 1800, it oscillated in brightness, so far as we can judge from 
the few observations extant, between the fourth and second magnitudes. 
About 1810, it rose vapidly in brightness, and between 1826 and 1850 it was 
never below the standard first magnitude. When brightest, in 1843, it was 
giving move than 25,000 times ns much light as in 1805. A singular fact is 
that Iho star is in the midst of a nebula which apparently sympathizes with 
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it to some extent in its fluctuations. (There are other instances of commo 
tion of nebulre with variable or temporary ntarfl, as will appear later on,) 
Tig, 220 represents the “ light-ouryo ” of this objoot from 1801) to 1870* 
according to Loomia*, who* however, imagines the star to bo pmodic, with 
a period of about seventy years. If so, it ought to bo again increasing in 
brightness by this time. 



Fia. 220. — Light Curve of 7) ArfjiiB utconllng to Loom to. 


a Orion 1 8 ftucl a Gnasiopeim behave in a somewhat similar nnmiuM, 
only the whole range of variation in their brightness Is lens Until n 
single magnitude. The catalogue of variable stars shows n consider- 
able number of other similar cases. 


t 842. III. Temporary Stars. There aro cloven well inithontl- 
ented cases In which new stars have appeared temporarily, — that is, 
fora few weeks or months, - blazing up suddenly and then gradually 
fading away. The list is ns follows; — 


1. 134 a,c. 

2. 330 A.n. 

3. 1572 a.d. 

4. 1600 A.r>, 

5. 1604 A.o. 
0. 1670 A.n. 

7. 1848 a.j>. 

8 . 1660 A.n. 

9. 1866 a.d. 

10. 1876 A.n. 

11. 3885 A.m 


4 he star of Hipparohua, 

A star in Aquila. 

Tyoho’a star in Cassiopeia. 

P Cygui, 3d magnitude, observed by Jansen, 

Kepler’s star in Ophinohna. 

11 Vulpecuife, 8d magnitude, observed by AutJjolm. 

A star of the 5th magnitude, observed by Hind— also in 
Ophiuonus. 

T Scorpn, 7th magnitude, in the star cluster M 80 
observed by Auwevs, r 

T Corome-BoreallB, 2 d magnitude, 

Nova Cygui, 3d magnitude, 

A star in the nebula of Andromeda, Oth magnitude. 
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As regaiils the fust o£ these stais, wc know almost nothing Hipparchus 
has loft no ie< oul of its position 01 bnghtness, hut the Chinese ammls men 
tion a stai as appealing in Scoipio ,it just that date, and pi obably the same 
object, though the Chinese ohseuaiions matf lelei to a comet The appeal- 
anco ot this new stai led llippaichus to foim lus catalogue oi stais 

As to the second on the list, we know liaully moie, the iccnids do nut 
even nuke it absolutely ccitam that tho object was not a comet, not being 
explicit on the point of its motion 

843. The thud is justh 1 unions When it was first seen by Tycho 
m Novemhci, 1*072, it was nl toady bughtoi than Jupitei, having 
piobably appealed a few days picvtously Itvoiysoon became us 
buglit as Venus herself, being oven usible by day Within a week 
oi two it began to fail, but continued usible to the naked eye foi 
fully sixteen months befoio it finally disappeaicd It is not eeitam 
whothei it still exist* oi not ns a telescopic stai Tycho detenmnod 
its position with as much accuracy as was possible to Ins uibtiumenls , 
and theie aie a number of small stais, any one of which is so neai to 
Tycho’s place that it might be the leal object. 

Then a 1ms been an untiloly unlmmdod notion that this stai may have 
been identical with tho “Stai of Bethlehem,” it being imagined that Urn 
stai is pe) mhmUy vni iable, with a pei tod of 81 d yeais If so, it might have 
been expected to mipponi in 1H80, and it was so expected by eeiliun poisons 
11 as a sign of the fieconil coming of the Louk” It is dillicult to sc*o how tho 
idea came to he so geimitilly pievilont (is it cm t unity has been Vi obably 
eveiy astioiumiei of any note 1ms iccoived hunch oils of Hlms on the subject 
At (beonwioh a pi in tod oncuUu was piepuiod and sent out as a loply to 
such nupuuus, 

The fifth stai, obseivccl by Koploi, was nearly, though not quite, 
as blight as that of Tjrlio, and lusted longer— fully two years. It 
also has disappeared so that it cannot now be Identified. 

844, Tho ninth stai excited much tnleiest TL blamed out between 
the 10th and T2Ih of May as a stai of the second magnitude, 
remained at its maximum for thioo oi four clajs, and then, in Ihe oi 
six weeks, faded away to its ougmal faintness, foi it now is, and was 
before the oulbmst, a nine and one-half magnitude star on Aige- 
landci’u catalogue, with nothing notloeablo to distinguish it fiom its 
neighbois While at the maximum its spectium was carefully studied 
by Huggins, and exhibited bughlly and strongly tho blight lines of 
hydiogen, just as if it woie a sun like our own, but ontueh coveted 
with outbursting piommcnces ” ol incandescent hjdiogcn 
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Thu tenth star had a very simihir history. It also rose lo its full 
brightness (second magnitude) on November 24, within four hours 
according to Schmidt, remained at a maximum for only a day or two, 
and faded away to invisibility within a month. But it still exists 
a a a very minute telescopic star of the fifteenth magnitude. It 
was alBo spectroscopically studied by several obsorvera (by Vogel 
especially) with the strange result that the spectrum, which at the 
maximum was nearly continuous, though marked by the bright lines 
of hydrogen and by banclB of other unknown substtmoos, lost more 
and more of this continuous character, until at last It became a simple 
spectrum of three bright lines like that of a nebula. 

f 846. The eleventh and last of thcBe temporary stars was very poou- 
liar in one respect; not In Its brightness, for it never exceeded the six 
and onc-half magnitude, but because it appeared right in the midst 
of the groat nebula of Andromeda, only 12" or 13 n distant from the 
nucleus. It came out suddenly like all the others, and faded away 
gradually in about six months, to absolute extinction so far ns any 
existing telescope can show. It showed under photometric measure¬ 
ments many fluctuations in brightness, not losing its light smoothly 
and regularly but in a rather paroxysmal manner. Its spectrum, even 
when brightest, was simply continuous without anything more tlmn the 
merest trace of bright lines in it. The eighth star on tho list resem¬ 
bled it in the fact that it appeared in the midst of a Btar cluster. 

840. IV. Vatu aulas of thk o Cati Type. These objects almost 
without cxceptiou bolmvo like the temporary stavB in remaining gen¬ 
erally faint, suddenly brightening up fora short time, and thou fading 
back to the original condition; but they do it periodically. The 
periods arc generally of considerable length, from six months to two 
years; but they are very apt to be considerably irregular, not 
unfrequently to the extent of several weeks. 

The Btar o Ccti (often called Mira , that is, u the Wonderful") may 
bo taken as tlic type of this cla83. Its variability was discovered by 
FabrioUis in 1596, During most of the time it remains simply a faint 
ninth-maguUude star, but once in about cloven months it runs up to 
the fourth, third, or eveu the seoond magnitude, and then baok again, 
occupying usually about 100 days in tho rise and fall. Its brightness 
Increases more rapidly than it fails, and it remains at its maximum 
for a week or ten days. At the maximum ita apeolrmn is very boun¬ 
tiful, containing a large number of Intensely bright lines whloh, how- 
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ever, me not vet nwlninly Ulenlilled. Its light-onryo is xl, in Fig* 
22 l, A large proportion of the known variables belong to this 
class, mid ninny suppose tlmt tlio temporary stiivs also belong to it, 
dllToring from tlu'ir ehissiimtus only in the length of their periods. 

847. V. V.Mu.\m,i sur tiii: Tyi»k uv ft (aim:. In them) the main 
rhavactcibdio In llm! thmi are two or more maxima and minima in 
nu b period, an if we were dealing with novoval superposed causes of 
variation. The light-enrvo of ft Lynn in given by Fig. 221. Its 
period is aland. thirteen (layn. 

t 848. VI. Vaiuahi.ks ok tiiu Ai.hui, Tver,. r rh« nixth and last 
ehms consists of star,-* wliiidi seem lu suffer a partial eclipse at short 
interval*, their liglil-rumiH ((/, Fig* 221) being lint reverse* of the 
„ Teti typo. Of thin typo of stars, Algol, or ft Persei, may bo taken 
u *4 dm imml. nmapii^nMia iviRVMenlutlvn, Its period is 2'* 20 h 48 w fifiVi, 
which la miltjeel lo almost. no variation, except certain slow changes 
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tlml IIIUH'IH' l" 1m llm iv mu It of Himif. unknown diNtuibiumo. During 
tnuHt t»l* tlm tlimi III* 1 Him* nnimlim of tlui hocoimI nmgiiitudu. At tlm 
limn of oiwiiintltiii it Iohoh iiliout ilvu-sixtlm of iln light, falling to 
dm fourth nmgnllinln in about four nntl oim-liulf limirn, remaining at 
llm iiiinliiiuin ft.i’ iilM.nl fcvmily mlnnUw, tmd Hum in thnm mid one- 
hull’ lioitVH i.mov.'iing iln original condition. During tlm minimum 
tlm Hiiimlrnin imdttrgouM no uonmdumblo change, though tlmro aro 
hiiniiIi'Ioiih of Hoiim alight vurlalloiiH 111 iln IlniiH. 
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Only nine stars are bo far known belonging to this clnss, and among 
them are those of the shortest period. Ono in Cephcus, discovered by 
Ceraski in 1880, hns a period of two days and olovou hours; another 
In Ophiuohus of only twenty home. 

849. Explanation of Variability, — Evidently no shnplo explana¬ 
tion will hold for all the different classes, For the gradually pro¬ 
gressive changes no explanation need be looked for; on tho contrary, 
it is surprising that auch changes are no greater than they are, for 
tho stars are nil growing older. 

As for the irregular changes, no sure account can yet he given of 
thorn. Whore tho range of variation is small, as it Is in most oasos, 
ono thinks of spots on tho surface like those of our own sun, (but 
much more extensive and numerous) and running through a period 
jn&t as onr sun Bpots do. Let a star with suoh rfpota upon it rovolvo 
on its own axis, as of course it must do, and in the combination we 
liayo at least a possible explanation of a great proportion of all the 
known cases, both the irregular variables and tho regularly poriodic. 

860. Collision Theory. — For tlio temporary stars, and those of 
the o Coti type, Mr. Lockyer hue recently (in connection with a 
much more extended subject) suggested a collision theory, illustrated 

by Fig. 222. The fun¬ 
damental idea that tho 
phenomena of tho tem¬ 
porary stars nmy ho 
due to collisions 1 b not 
now. Newton long ago 
brought it out, and to 
some extent discussed 
it; but considering tho 
probable diameters of 
the stains os compared 
witli the distances be¬ 
tween them, it seems 
impossible that collis¬ 
ion b could have boon 
frequent enough to ac¬ 
count for tho number of 
temporary stars actually observed. Mr. Lookyer, however, imagines 
that the temporary rtars, and also variable stars of the o CetL class, 
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uro, in their present stage of development, not compact bodies, but 
only pretty dense swarm of meteorites of considerable extent, each 
such swarm being accompanied by another smaller one revolving 
around it in an eccentric orbit, just as comets revolve around the 
mm, or as the components of double stars revolve around each other, 
lie supposes that Urn perihelion distance is so small that the swarms 
interpenetrate and pass through each other at the perihelion, which 
could happen without disturbing the general motion of either of the 
two meteoric! (locks; but while they arc thus passing, the collisions 
. arc immensely increased in number and violence, with a corresponding 
increase in the evolution of light. There are many good points about 
this ingenious theory, but also serious objections to it—as, for instance, 
the great irregularity of the periods of stars of this class, an irregu¬ 
larity which seems hardly consistent with such an orbital revolution. 


| 861. Stellar Eclipses,—As to the Algol type, the natural explana¬ 
tion is by means of nn eclipse of some sort. The interposition of a 
more or less opaque object between the observer and the star, a 
dark companion revolving around it, 1 —would produce just the*effect 
observed. If, however, this fe really the case, the mass of Algol must 
|^ absolutely enormous compared with that of our sun in order to 
produce ho swift u revolution in the eclipsing, body. But Ceraski s 
variable of this type in Ccphcns is very refractory and exhibits 
changes of period and other phenomena that are extremely difficult 
to reconcile with the idoa that ito obscuration is due to an eclipse. 


862. Number and Designation of Variables, —The “Catalogue 
of Variable Stars,° of Mr. S. C. Chandler, published in 1888, con¬ 
tains 226 objects. Ono hundred and sixty are distinctly perlo&lo 
Htars: in 12 oases the periodicity is perhaps uncertain, while 14 are 


certainly irregular. 

Tim remainder ii.olu.lns the temporary stars and some twenty-five or 
thirty stare in respect to tho variations o£ which very little is yet known. 
Tallin VI. in the Appendix presents die principal data for the naked-eye 
variables which are visible in tho United States. . . , 

When u star is discovered to be variable winch previously had no speoift 
nniK'llutum of its own, it is customary to designate it liy one of the last 

ESTu," hi;, bogimiinff «k n. Tim. » MMMbM 

discovered variable in Sagittarius; S Sagittarn is the.second, 1 Segittau, 
Die third, ami ho mi. 

853. Range of Variation. — In many cases the whole range n 
only a fraction of a magnitude (especially among the more new y 
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discovered variables), but in u great number it extends from four 
to eight magnitudes, the maximum brightness exceeding tlio inini'- 
imim by from fifty to a thousand timos ; and in a few ciibcb tliu 
range is greater yet. Not unfrequently conHidiM'nblo clnmgoa of 
color accompany the changes of brightness ; the star as a rule being 
whiter at its maximum, and frequently showing bright linos in its 
spectrum. 

854. Method of Observation. — There is no better way tluin lluil 
of comparing the star by the eye, or with tlio help of an openi-ginsH^ 
with surrounding stars of about the same brightness at the Li mo when 
its light is near the maximum or minimum ; noting to which of them 
it Is just equal at the moment, and also tli 03 o which aro fi flhatlo 
brighter or fainter. 

It is possible for an amateur to do really valuable ymvk in this way, by 
putting himself in relation with some observatory whloh ia interested in thn 
subject. The observations themselves requivo so much time that It is diffi¬ 
cult for the working force iu a regular observatory to all end to the matt or 
properly, mul outside assistance is heartily welcomed in gathering tho lioodtxl 
facts. Tlie observations thoniflolvea are not apcoially difficult, requiro no 
very great labor or mathematical skill iu thoiv reduction, and, us linn beim 
said, can be made without instruments j but they require patience, assiduity, 
and a keen eye. 


STAR SPKCTRA. 

855. In 1824 Fraunhofer, in connection with Ills study of tho 
lines of the solar spectrum, investigated also tho apnutrn of curtain 
stars, using an apparatus essentially similar to that which 1 b now 
employed at Cambridge. Ho placed a prism in front of the objetjt- 
glass of a small telescope and looked at tho stars through tills, using 
a cylindrical lens in the eye-piece to widen tho spectrum, which other¬ 
wise would be a mere line. 

He found that bin us, Castor, and many other stars allow very few dark 
lines in their apeotruvn, but strong ones; while, on tlio other band, the spectra 
of Pollux (fi Goininorum) and Capelin resemble closely tho npnotmin of tho 
sun. Tu all the spectra he recognized the D line, although it was not then 
known that it had anything to do with sodium, 

850. Observations of Huggins and Seoohi. — Almost ns soon its 
the spectroscope hud taken its place ns a reoognizod Instrument of 
science it was applied by Huggins to tho study of the stave, and 
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Herein followed hard in Urn footsteps, The former stiKlied tho spectra 
nf comparatively few hUu“h, but with nil the dispersive power he 
could obtain, and in detail; while Seeohi, using a much less pow¬ 
erful instrument, examiiUMi several thousand star spectra, in a more 
general way, lor purposes of classification. 

Huggins idcnlilled with considerable certainty in the spectra of 
uOrinnis (Hd.clgiieze) ami aTauri (Aldeharan) a number of elements 
Unit we familiar on llie earth, and are most of them prominent in the 
solar spectrum, lie found in the former sodium, magnesium, cfil- 
^ eiiun, iron, bismuth, and hydrogen; and in u Tauri he reported in 
addition, tellurium, antimony, and mercury; but these latter metals 
have not yet been vended. 


857. Glassification of Stellar Spootra. — Secchi, in his spootro- 
neopio survey, found Unit the •1000 stars which ho observed could all 
be reduced to four classen. 

Tin*. Ji rat class enm prison (ho whit a or blue stars* To it belong Sirius 
and Vega, and, in fact, considerably more tlmn half of all the stars 
examined. Thu Hpeelriim is characterized by the great strength of 
the hydrogen lines, which tiro wide, lmzy bands, much like the II and 
l{ lines in Urn solar spectrum. Other lines are extremely faint or 
entirely absent; the /fliiHi ospeeially, which in the solar spectrum is 
especially prominent, in tho spectra of most of these stars is hardly 
visible. 

Thv scrawl (lass is also numerous, and is composed of skm with a 
spectrum, nnlndtinliuttn UIm that of oar sun . The It and K linos are 
both strong. Oupella and Pollux (ft Geminorum) aro prominent 
exuinples of this class, Thorn arc certain stars which form a con¬ 
ceding link between them* two first classes, stars like Proeyon and a 
Auiiilie, wiiicli, while they show the hydrogen lines very strongly, also 
exhibit a great number of other linos betweon thorn. Tho first and 
necoiid classes together embrace fully seven-eighths of all tho stars 


III* observed. . . „ . . .. rnn 

The I hint i'Ihhh Includm* most of lho. roil and mruthlo stars, sonic oOO 
in number, mid Hitt spectrum is olmraulerlml by dark Jctnda matend 
of lines (fclKNiKh lines nro gome-ally present alao). i heae bands. 
wbU-K are probably dm to carbon, almdo from tho blue towards tlie 
ml i Dial; in, they arc shiu-ply defined and darkest at the more refrang¬ 
ible, edge. Occasionally in spectra of this type some of the hydrogen 
linca nro bright. « Hercules, u Orionis, and Mira (o toll) are flue 
I’Xiunples of this third cIubh. 
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The fourth dase la composed of a VQi’y small number of stars* loss 
than sixty so far as now known* mostly small red starn, ThU apcKi- 
truin is also a banded one; but compared with tlio third class tho 
bands arc reversed^ that is, faced tho other way, and shaded towards 
the blue, Those generally show also n number of bright linen. 
None of the conspicuous stars belong to this olass — none above the 



fifth magnitude. The sixth magnitude star, 152 Nehjollorup, muv 
ho tnkon as its finest example («, 12 h 89 m ; 8, +40° <)', in tho eoiwtcti. 
lation of Canes Vonatlcl). Fig. 223 exhibits, tho llght-curvon of 
those four types of spectrum. 1 


868. Vogel has revised Secohl’s classification of apuelrn im follows, 
making only, three main classes, but with subdivisions ; 


t'l't 10 rr *P CBlt ^ a <ic«rali' | y by any process of e»prnyj W !)„„ 
tan be read i y reproduced in a book like tho present. Tho curve, on the other 
lirintl, s easily managed, and, though It docs not plenso tho eve like the s W einm, 
use/f, It fa capable of conveying all the Information thru could bo obtained fro,,, 
dm most fl^hod ending. Doth lines arc represented by linos running 
rd * rom ( ,e “ p ‘ ler llne °t the ourvo, and lri/i lines by JJj, M rumi>l „ 

^Srr d8fl " a ™ L * ^rlntlonsTlhu 
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i. (a) Same ns Soeulu’s I. The white stars. 

(5) Nearly continuous ; all lines wanting or very faint, /3 On¬ 
onis is the type. 

(a) Showing the lines of hydrogen bright, and also the 

helium linn 7J a (Art. 823). 

II. (m) Same as Seeahi’s II. 

(b) Like If. (a), but showing in addition bright linos which 

the lines of hydrogen or helium. (This is rare.) 

Ill, (a) Same as Seetdii’a III. 

(/#) Same as Seeobi’s IV. 

Vogel's cliissificulinn is based in part on the very doubtful assumption 
Unit stars of Chinn l. are hottest ami also youngest, while the other classes 
belong to stars which are dither beginning to fail or are already far gone in 
decrepitude. Ihife it is very far from certain that a rod star is not just as 
likely to be younger than a white one, as to bo older. It probably is now nt 
a lower l4Hitptiralnve% find possesses a more extensive envelope of gases; blit 
it may 1m increasing in temperature as well as decreasing. At any rate we 
have no curium knowledge! about its age. 

859. Photography of Stellar Spectra. —As early as 1S63 Huggins 
iitlmnpled to photograph the, spectrum of Vega, and succeeded in getting an 
impression of tlm spectrum, but without any of the lines. In 1872 Dr. 
Henry Draper of Now Yorlc, working with tho reflector which he had lum- 
self constructed, Kimoecdcal in getting an impression of the spectrum of the 
mono a lav, showing for tho Arat time four of its hydrogen lines. The intro¬ 
duction of tho morn sensitive dry plates in 1870, induced Mr. Huggins to 
resume tho subject (ns did Dr. Draper soon after), and they soon succeeded in 
getting pictures showing many lines. Tho spectra were about half an inch 
lung by V;r <>r of an inch wide. After tho lamented death of Dr. Draper 
in Professor Pickering took up tho work at Cambridge (U. S.); and with 
such huiuohh that Mrs. Draper, who had intended to establish and to endow 
her husband's observatory us an establishment for astvo-pliysical research, 
ami n most fitting monument to his^memory, concluded to transfer the 
iuHlrmiumlH to Cambridge, and there establish the “ Draper Memorial,” 

800, Tho SlitlesB Spaotrosoope. — Professor Pickering has attained 
his mimirlcnbh 1 , success by reverting to tho u slitlcss spectroscope) 
arranged in the manner first used by Fraunhofer, and later revived 
bv Hooch i. Thu instrument consists of a telescope with the objective 
corrected nolfnr the visual, bid for the photogyapMo rays , equatorinlly 
mounted mid carrying in front of the object-glass one or more prisms, 
with a refracting nnglo of nearly 10°, and large enough to cover the 
whole lens. 
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The refracting edge of the prism is placed enat and went, ho that Dio 
linear apeobrum of a star forniGcl on a plate at the focus of the object-gin** 
runs north and south. If, now, tho clock-work of tho instrument is adjusted 
to follow the star exactly, tho imago (i,o., tho Bpootrum) will bo a more lino, 
broken hero and there where the dark lines of tho spectrum should npponr, 
Ey merely retarding or accelerating the clock ft triiie, tho linear spectrum 
will drift a little sidowiso upon the plate, and so will form a spectrum having 
a width depending on the amount of tills drift during tho time of oxposuvo, 
If the air is calm the lines of the spectrum thus fonjjpd arc as clean and 
sharp as if a slit were used; otherwise not. 


801. The most powerful instrument used in this work at Cambridge 
is Dr. Draper’s eleven-inch photographic refractor, with four huge 
glass prisms in a box in front of the object-glass, arranged as Indi¬ 
cated in Fig. 224. With 
this apparatus, photographic 
Bpcotra of tho brighter stars 
are now obtained having, 
before enlargement, n length 
of fully threo inches from 
F in tho blue of the spec¬ 
trum to tho extremity of 

the ultra violet, It ib n 
pity, of oour ho, tlmt tho 

lower portions of tho spec- 
*io. 224 . trnm below F oannofc bo 

Amngemeni of tho rr| B mB In the 8|UIb#b BpealujueopQ. reached ill tllO HftlnO way \ 

aan . but no plates sufltolontlv 

fleusitlve to green, yellow, and red mys have yet been found. Tho 

exposure necessary to obtain the Impression of oven tho most power- 
ful photographic rays » from half an hour to an hour. Fig. 2*6 In 




Fio. 22fi. Photographic Spectrum of Vogn, Cambridge, 188T, 
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innu uf sueli ji st-iir uh (.‘upoUii they show hundreds of linos. It is 
simply mim/.ing that tlui frublu, twinkling light of a star can be made 
In produce auidi mi niilogrupbic record of the substance and condition 
of the iimunrivuldy distnnl, luminary. 

802, Peculiar Advantages of the Slit-loss Spectroscope. — The 
hlilh'Hs Hpeelrosoopo Jinn three great advantages. First, that it 
utili/.eH all the light Hint fumes from the star to the object-glass, 
much 4 if which ffi the iiMiinl form of the instrument is lost in the 
jaws i»f the slit; Secondly, that by taking advantage of the length 
of a huge telescope, it produces a very high dispersion with oven a 
single prism: Thirdly, and most important, it gives on the same 
plain mid with a single exposure the spectra of all tho many stars 
whose images fail upon it, With the smaller eight-inch instrument 
made id, ('umhridgc, and one prism, as many as 100 or 150 spectra 
urn mimelirncH taken together; as, for instance, in a spectrum photo¬ 
graph of I he rieiudes. 


803. DifludvuntagoH of tho Slitloss Speotrosoopo,— Pm* contra, 
the giving up of the slit jmmhuluH all the usual methods of identify¬ 
ing; the lines iiy nelimlly imnfmnling them with comparison spectra; 
the cnuipiiriunii prism (Art. hi 5) etui not be used, This makes it 
extremely ditllciill. in utilize those miignillcent pictures for purposes 
id seicnlillc measurement. 


If It turns mil- Unit any of! the lines photographed in tho spectrum are of 
Htmusjtin'ir nvigin, the dillhmHy will )m largely removed, as those atmospheric 
linos cnuld he omul it?i reforomio points. Professor Pickering has tried, by 
Ilia hd«w[msition uf varimiH vapors in tho path of the light within tho 
telescope tube, 1t> gel. iiiiMH that will answer the purpose, hut thus far 
without any really iiathfnelory vuhuILh, Until this dUllmilty is overcome it 
will be inip'ns'iHde b> malm I bose spectra yield us all of tho information which 
they nndoubledly eontidn with respect to the motions of the stars in the line 


of sigh I - , tjl Jt , , , . 

Viijo'I iu hin photogrupliiii work mentioned in connection with tins subject 
(Art Mini) used im ordinary spectroscope with a slit. This arrangement- 

..bed a very long explains mid limited the dispersion it was possible 

ill employ; but it penuittad him to use a hydrogen (bossier tube placed 
within llic telcMcojio ihudf, in furnish a comparison spectrum. 


8G4 Twinkling or Scintillation of tho Stars, — This is a purely 
ttlin.iHplu-i io nllWI, usually violent iumr tho horizon and almost null 
ul, Un> iti.tiH.il. It iHffucn groally on different nights according to the 
hb'udiiiCMH <if llm idr. 
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If tho spectrum of a star near the eastern horizon bo examined 
with a spectroscope so held as to make the spectrum vertical, it will 
appear to be continually traversed by dark bands running through 
the speotrum from the blue end towards the red. At the western 
horizon the bonds move in the opposite direction, from red to blue; 
ou the meridian they merely oscillate back and forth, 

Cause of Scintillation. — Authorities differ as to oxnofc explanation 
of scintillation, but probably it is mainly duo to two cannon (optically spoil Ic¬ 
ing), both depending on the faot that the air is full of Atrouks of unequal 
density that are carried by the wind. 

(1) In the first place, light transmitted through such a medium is con¬ 
centrated in some places and turned away from others by simple refraction: 
so that, if the light of a star were Btrong enough, a white hutIuoo illumi¬ 
nated by it would look like the sandy bottom of a shallow, rippling pool 
of water illuminated by sunlight, with light and dark inottlingH which 
move with the ripples ort the surface. So, na wo look towards tho star, 
and the mottlinga duo to the irregularities of ilio air move by uh, wo hoc the 
star alternately bright and faint j in other words, ib hoi aides ; mid if wo 
look at it in a telescope we shall see that ib not only twinkkiH, but dunces^ 
Le.f it is slightly displaced back and forth by the rofmotion. 

(2) The other cause of twinkling is fl interference" PouoiUt oC light 
coming from the star (which optically is ft move point), and feebly 
refracted by the air in the way above explained, roaoh the observer by 
slightly different routes, and are just in ft condition to interfere. The 
result of the interference is the temporary destruction of rays of certain 
wave-lengths, and the reinforcement of others. At a given moment thn 
green rays, for instance, will be'destroycd, while tho rod and blue* will bn 
abnormally intense; hence the quivering dark hands in Lho speotrum. If 
the star is very near the horizon, the effects arc oftou mifUoicmb to pvoduno 
marked clmngos of color, 

866. Why Planets Twinkle Less than Stars.—This Is Inninly 
because they have disc* of sensible diameter , so that there ia a goiioral 
unchanging average of brightness for the sum total of all tlio lumi¬ 
nous points of which the disc is composed. When, for Instance, 
point A of the diBO becomes dark for a momont, point 1 ?, very near 
it, is just ap likely to become bright; tho tntorforonoo conditions 
being different for the two points. The different points of tho iliso 
do not keep step, so to speak, in their twiukllug, 
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CHAPTER XXI 

DOUBLE AND MULTIPLE STARS — ORBITS AND MASSES Op 
DOUBLE STAJJS — CLUSTERS.— NEBULA —THE MILKY WAY 
•—DISTRIBUTION OP STABS —CONSTITUTION OP TUB STELLAR 
UNIVERSE. — COSMOGONY AND THE NEBULAR HYPOTHESIS 

866, Double and Multiple Stais —The telescope shows luuneions 
instances in winch two slnis lie veiy nciu each othei, m many 
oases so near that they oan be seon separate only undei a high 
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Iiio 220 — Doublu mul Mulllplo 

mngnifyl^S power These axe called “double vtais ,J At piesent 
soinellnug over 10,000 such couples me known, and the number is 
continually inoieasing In not a few instances wo have thee stars 
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together, two of which are usually very close and tho third farther 
away; aud there are several cases of quadruple slurry where thorn 
are two pairs of stars lying* close together (as in e Lynu), or a pair 
of stars with two single stars close by; and there nro some eases 
where more than four form a u multiple a .to 1 .” Fig*. 226 represents 
a number of such double and multiple stars. 

867. Distance, Magnitudes, and Colors. —Tho apparent distances 
usually range from 80" to \ tf , few telescopes being able to separate 
double stars closer than 

In a very large proportion of cases (perhaps about ono-third of all) 
tlie two stars are nearly equal; in many others they nro extremely 
unequal, a minute star near a large one being usually known us its 
41 companion.” 

Not infrequently the components of a double star present a lino 
contrast of color; never, however, in cases where they are nearly equal 
in magnitude. It is a remarkable fact, ns yet wholly unexplained, 
that when we have such a contrast 6i color the tint of the smaller still 1 
always lies higher in the sjieclriim than that of tho larger one, Tho 
larger one is reddish or yellowish, and the smaller one green or bltw t 

without a single exception 
among the inuny hundreds 
of such tinted couples now 
known, y Andromediu and 
/3 Cygni arc lino examples 
for a small telescope. 

868. Measurement of 
Double Stars,— Such mens* 
ures are generally made 
with a Hlnr position-mi¬ 
cromotor, essentially suoh 
as shown in Figs. 28 and 
29 (Art* 78). The quan¬ 
tities to be determined are 
, . fio. 227 , tho distance and position* 

Measurement of DJaUnce and Position-Angle of a Doublo ^DUplC. By 

star. distance ’wo mean simply 

- ' _ tho apparent distaneo in 

seconds of arc between the centres of the two star discs. Tho ponU 
tion-angle of a double star is tiro angle made with the honr-cirdo 
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by the line (hawnjtom the laigei stai to the mutfe*, leekomng mound 
tiom the noith llnough the east, as shown in Tig 227 

Photogupliy nmy albo be used, and pi onuses to become a favonlo method 
The lust phoiogiaph ol such an object was by Bond iu 1851 

869 Stais Optically and Physically Double — Stais nmy be double 
m two ditloicnl ways They may bo moiely optically doublo, —that 
is, simply in line with each othei, but one far beyond the othei , oi 
they limv be leally veiy nom togcthoi, in which ease they nic said to 
bo “ phyniudh/ connected” because they mo then uiidei the luiluence 
of their imittuil atti action, and move accoulmgly 

870 Cntenon foi distinguishing between Physically and Optically 
Double Stais —This cannot be done olMmntl, it icquues a senes of 
meusiuomcnts long enough continued to do to i mine vdiethci the lclativo 
movement of the stais is m a cuive oi a stimghb line If the stais 
aie leally close togcthei then alltaction will foico tTiein to dosetibe 
euivea mound each othei If they me really at a gieat distance and 
only accidentally in line, then then piopoi motions, being sensibly 
unifoim and lectilmem, mil pioduce a relative motion of the samo 
kind Taking oithei atm as lived, the othei situ will appeal to pass 
it m a stuught line, and with a steady, innloun duft. 

871 ^Relative Number of Stars Optically Double, and Physically 
connected,—Double situ observations piacticnlly began with Sn 
William Ileisehel only a little moic than a hunched ycaia ago 
AVhen he took lip the subject less than 100 such pans lmd been lecog- 
m/.ed, such as had been accidentally cneoimteied m muking obaoiva- 
tions of vauous kinds The great maiouty of double stais have been 
discoveied so lecently Unit sufllcicnt tunc 1ms not yet elapsed to make 
the cntenon above given cfteclivo with moio than a small piopoilion 
of them But it is already peifcctly clear that the optically double 
stars mo, as the thcoiy of piobahihty shown they ought to bo* veiy 
few in numboi, while several hundred pans have shown themselves 
to be physically connected, i o., to bo what aio known ns * 4 bineuy ” 
slms, oi couples which ievolve mound than common centieof giavity, 

(* 872. Binary Stais, — Sir W, Ileiachel began Ins obseivations of 
doublo situs m the hopo of ascoitaming stellar parallax IIo had 
supposed in tho ease of couples wheio one was laigo and the othei 
small tiiat the smallei one was usually a long way beyond the other 



496 


DOUBLE AND MULTIPLE STARS. 


(as sometimes is really the fact). In this case lliero should be per* 
ceptible variations in the distance and position of the two slurs dur¬ 
ing the course of the year; precisely such variations us tlioso by 
whioh, fifty years later, Bessel succeeded in getting tho parallax of 
61 Cygni (Art. 811). But Ilorsohel, Instead of finding the yearly 
oscillation of distance and position which ho oxpoctcd, found quite 
a different, and, at tho time, a surprising thing, —a regular, progres¬ 
sive clmuge, which showed that one of tho stars was slowly describing 
a regular orbit arouud the other. To uao his own expression, lie 
“went out like Saul to seek his father’s asses, and found a king¬ 
dom,”— the dominion of gravitation 1 extended to tho stars, unlimited 
by the bounds of the solar system. ^ y Virginia, £ Ursiu Majoritf, 
and £ Ilereulis were among the most prominont of fchu ay stoma 
whioh lie pointed out. 

At present the number of pairs knoivn lo be binary iw at least 
200, and ub many moro begin to show signs of movement. (Up 
to tho present time of course only the quicker moving ouch urn 
obvious.) About fifty linvo progressed so far, — having limde ut 
least one entire revolution or a great part of one, — that their orbltH 
have been computed more or less satisfactorily. 

873. Orbits of Binary Stars.—Tho real orbit described by wish 
of such a pair of stars is always found to be an ellipse, and assum¬ 
ing the applicability of the law of gravitation, the common centre of 
gravity must be at the focus. Tho two ellipses are precisely similar, 
the one described by tho smaller star being larger than tho other in 
inverse proportion to tho star’s mass. 

So far as the relative motion of the two bodies goes, wo may regard 
cither of them (usually the larger is preferred) us being at rest, and 
tho other as moving around it in a relative orbit of precisely tho sumo 
shape as either of the two actual orbits which are described around 
the centre of gravity. But the relative orbit is larger, having for Its 
serai-major axis the sum of the two semi-axes of the roal orbits (Art. 
427). 

Usually tho relative orbit is all that wo can ascertain, as this alone 
can be deduced from the micrometer measures when they consist 
ouly of position-angles and distances measured botwoen tho two stars. 

1 It fa not yet fully demonstrated that tho motions of binary stars arc due In 
gravitation, though it is extremely probable, and tho burden of proof seoma to 
be shifted Upon Lhose who are disposed to doubt it. See, however, tho Coot, 
note to Article flOl. 
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In a few cases whore such measures have been made from small stars in 
the same field of view with the couple, but not belonging to the system, or 
when the couple has long boon observed with the meridian circle, it becomes 
possible to work out separately the orbit of each star of the pair with refer¬ 
ence to their common centre of gravity; then we can deduce their relative 
masses, as for instance, in the case of Birins and its companion. 

874. Calculation of the Orbit of a Binary Star. —If the observer 
is so placed as to view the orbit perpendicularly, he will seo it in its 
true form and having the Jargor star in its focus, while the smaller 
inovos around it, describing “ equal areas in equal times.” But if the 
observer is anywhero else, the orbit will be apparently more or less 
distorted. It will still bo an ollipse (since every projection of a conic 
is also a conic), but the largo star will no longer occupy its focus, 
nor will the major and minor axes bo apparently at right angles to 
each other j nor'will they oven coincide with the longest and shortest 
diameters of tho ellipse. In this distorted ellipse the smaller star will, 
however, still describe equal areas in equal times around the larger one. 

Theoretically five absolutely accurate observations of the position 
and distance are sufficient to determine tho elements of tho relative 
orbit, if wo assume that tho orbital motion is described under tho law 
of gravitation. Practically a greater number are needed in most eases, 
because tho motions are bo slow and the stars bo near each oilier that 
observation-errors of O'M (which in most calculations are of small 
account) hero become important. The work requires not only labor, 
but judgment and skill, and unless tho pair has completed or nearly 
completed an entire revolution the result is apt to he seriously .uncer¬ 
tain, >So far, as has boon said, about fifty such orbits arc fairly well 
determined. Catalogues, more or less complete, will bo found in 
Fhimmarion’s book on 14 Double Stars,” also in Gledhilfis u Hand¬ 
book of Double Stars,” and Ilouzoan’s “Vado Meeum.” Sec 
Table V. in tho Appendix. 

876. Sirius and Frooyon. —‘Tho cases of these two stars avo remark¬ 
able, In both instances tho large stars have been found from meridian* 
circle observations to bo slowly moving in little ellipses, although when this 
discovery was first made neither of thorn was known to l>e double, In 1862 
tho minute companion of Sirius was discovered by Clark with the object- 
glass of the Chicago telescope, thou just finished, and at that time tho 
largest object-glass in tho world. And this little companion was found to be 
precisely the object needed to account for the peculiar motion of Sirius itself. 

In the case of Prooyon, the companion, if it exists, is yet to bo discovered; 
not, liowovor, because it lias not been carefully looked for with the most 
powerful instruments. 
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878. Periods, — Tho puriodH of hiimry ntnva, ho Phi* im at prnHnnL 
known, vary from fourteen yearn (the purinil of 8 Kqimlei) to nearly 
1600 years, as £ Acpmrii. 

It is pimnihln Unit olio or two 
others may 1m found with periudu 
oven dinrlor Mum fourteen y<uu'n t 
and it Ih pruoMutilfy oerhiiu tlm( 
i\h Minn guns on, pairs of longor 
period than 1600 years will prr- 
snpt tlieiiiwdveH. Computed pe¬ 
riod* muuh exceeding liOO years 
meat, however, lm received il|, 
preHeut with muuh reserve, 

Fig- 'JliK shows the tip] ui run I 
orbit* of Heveml of Hie ulohI in- 
Lere*tmg hinaries. The tl^Hi'e 
for £ CiUierl (copied [Yoni <!lcd- 
hill) i* imutrmil; IK7H ami IHSii 
nhmdd he inlnrehmigml, and the 
arrow revorHial. 1 


877, Size of tho Orbita.- • 
Tho itngular HomUnmJov nxen 
of the orbits tbiiB fur computed range from about l)".il for 8 KtpmlH, 
to 18" for a Contaari. The real dimensions are, of course, only In li«> 
obtained when wo know tho star's parallax and distance. 1 Fortu¬ 
nately several of tho stars whoso parallaxes have boon dolermlnoil 
aro also binary stars. Assuming tho data ns to parallax and orbils 
give,, i n tho tables In the Appendix (mainly taken from llon/.oau'n 
ado Mecum ”) wo find Lhc following short table of results : • — 



V* 

Xamt:. 

Aenumod 

Aumilnr 

Utfitl 

...' 1 

IVlloiI. 

| 


Purullnx. 

Hctiiil-nxla, 

Htiinl.iixln. 

V CftBsiopoiro. 

Sirius. 

o. Geminoruni . , 

a Ccnfiuiri. 

70 Opliluclii. 

61 Oygni . 

OMr, 

0,38 

0.20? 

0.75 

1 0.10 

0.43 

H".(H 

8,58 

fi.ru- 
17, no 
4.70 
15.407 

57.0 
22.0 
27.7 1 
20.3 
20.0 
1)5,8? 

’ 

jufiy.a 
fia.o i 

m 

77,0 
oi.fi 
■JfiO.O ? 
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{■>-•- I, 


fi.1l 
•i .art i 
n,;m # 
a.ii 
;?.n 
i>-a:i f 
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It is obvious from the table that the double-star orbits are com¬ 
parable with the larger orbits of the solar system ; that of a Centaim 
being just about equal in size to that of Uranus, and that of ?; 
Ciiwsiopciro not quite double the size of. Neptune's orbit. Of course 
the many binary stars whose distance is so great as to make their 
parallax insensible while their apparent orbits are as large as those 
given in the list must have real orbits of still vaster dimensions. 


878. Masses of Binary Stars. — When wc know both the size of 
the orbit of a binary and its period, the mass, according to the law 
of gravitation, follows at once from the equation of Article 53G, 

M + m = 4'7r—* 

If t and a are given respectively in yeans and astronomical units 
of (Utilanctu then, by omitting the factor 4rr 2 , M+m comes out in 
tennn of tha huu\h mam** The final column of the little table above 
gives the Mamin of the six pairs of stars as compared with the mass 
of the sun. But the student must bear in mind that the parallaxes 
of stars are ho uncertain, that these results are to be accepted with a 
very large margin of orror. 


879, Eolation between the « Mass-Brightness ” of Binary Stars. 

_Moiiok of Dublin has recently called attention to a curious relation 

between the apparent brightness of a binary, its period and (angular) dis¬ 
tance on the one hand, and its "main-brightness” or candle-power per ton , sp 
|.o apeak, on the other, -— a relation which does not involve a knowledge of 
the unraiiax of tlio stars . IIo shows that if we let 1 be the apparent bright¬ 
ness of any double star, photometrically determined, a the semi-major axis 
of its orbit (in seconds of arc), and t its period in years, while h is its 
“ mim*hri<jhtnv.M” or candle-power per ton, -then wc have 1 


\ h t = Ah W J M W or jf ■ 



(The Oh»arva(w'tjx February, 1887.) 


i Th ,H is si nelly iruo only on the assumption that either the two components 
of the double star have the same mass-brightness, or else that the■mallei one is 
fl0 nmc h smaller that its motion is practically the same as if it «re a mere 
particle. It breaks down when the two stars of a pair do not differ much w 
Ll but do differ great hf in brightness - probably an unusual case. It ^olves 
however, the'daubiful' assumption that different double stars are of the same, 

density. 
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I hi lulifH i Uvwii MilrjoNFi ns II Ht.ii.ildard (f.c., its fc=l), atul finds for 
y 1, 1 'nnin & for u (iiunihnnttn, *$-8 - for Sirius, 7 \ for £ Ilorcnli fi i 4} f° r 
, f Cm-, llnr, l.fi; for VO Ofihinulii, O.iMJ ; for 77 CftBsiopciuo, 0.22; and for 01 
<'yuni, O.Ott. In other words, y Luohir is onovivioiiBly brilliant in propovtion 
In ils iiiiihn, Sii’liiH Ih iihmIi inn, while 01 Cygni is extremely fainUpon 
this Hindu tho Hindu vmiHt'hntifi titans would bo about 2 , judging from its muss 
mid hrigliltu’HH eoinparml with l-hufc of Sirius (Arts. 802 and 877). (Wo 
luivo glvun nlmvo only n fnw of Mr* Monok^s numbers.) 


880. Havo tho Stars Planets attending them?— It is a vor y 
■lu l.iirnl hupiumltion Unit Um minute companions which attend some of 
the lui'jjjfi’ rttniH nmy Im roully phmcvfcnry in their naturei shining moio 
or leurt by rdluohul light. Am to thin wo can only say, that while it is 
quilt, puHhihle Unit oilier alum buBicloB our sun may have their retinues 
of jilumdH, it is quitu ciort.nln tlmt mich planets could not be soon 
by uh with miy oxlnliug tolcmcope• If our sun wero viewed from 
it (Iriituiirl, .lupiter would ho u bIiip of less than tho twenfcy-flrHfc mag- 
nlludiS at. a dialiiuno of only fr f from the sun, which itself would bo a 
Hiimlliah llrst-urnguitudo alnv. 


881. Tim hIiiIouhmiI run 1m visriUoil us follows i Jupiter at opposition is 
omliiinly not cqidvulmd in hnghtnioaB to twenty stars like Vega (nwh 
iilintmiudrln innnsm’nnienlH luuhu it from eight to fourteen). Assum ng, 
however, Uinl. It Is uqiml In Lsvimty Alegas, Us light received by the earth 
would lw .itM.nl. U . M J. 0 ...K «f At opposition o.U' M« 

f,o,n -Iui.il nr Ih hIh.uI four ..Hlmimmlual units, so that Neon Iron, thes»mo 
MiHlnmta trn Iho mm, Uh light would bo sixteen times that quantity, or 

( "n.i^h nirin 'nf iW),tHH>IHIO Iml.woim tliu light o£ two etftw corronpon.to to a 
cUffermico of 20 4 mugnituilcs 

H.OOOf) 


^lng 12^000(100 ; but 


: 20,24 magnitudes. (Art. 820.)^ 


0,4000 

■bumvilluidy, It tlic olmevver wore removed to such n distance that tho “un 

.iff: *- ( »™,,u b. #»»» ™, 

a ('.ilmil), .1 u\»llnr would 1» » Ht.u* of tl.o twenty^rst magnitude. Accord- 
i„K to Art. Baa, it would require it 25-inch telescope to show a star ol tho 
hhtoontl. iuiignttu.hr it would tho ref ore require an instrument with an 
anevl nvu of 200 i.iolioH, or i.muly 21 fcot, to show » star five nmg.ututl.is 
filntar, avail if thorn wore .... Inigo «ter near to add to tl.o difilaulty. 

rcq Trinlo and Multiple Star*. — Thoro aiu aconsidoi-ablo uumlwr 
<>r J of 1 til in kind, iH.d8o.no of them constitute physical ByatoniB. In 
Lho oas.i of l Ctuiorl tho two larger stars revolve around their common 



STATl-CLUSTltJIlS. 


601 


centre in a nearly circular orbit less than 2" in diameter, and with a period 
of about sixty years; while the third star, smaller and move distant, moves 
around the closed pair in an orbit not yet well determined, but with a period 
that must be several hundred years; and in its motion there is evidence of a 
peculiar perturbation, as yet unexplained. In e Lyras we have two pairs, 
each nmhing a very slow revolution, of periods not yet determined, but 
probably ranging from 300 to 500 years, And since the pairs have also a 
common proper motion it is practically certain that they also are physically 
connected, and revolve around their common centre of gravity in a period to 
be reckoned by millenniums — the motion during the last hundred years 
being barely perceptible. In other cases, as for instance, in the multiple 
,Hlar 0 Orionis, wolmvo a number of stars not organized in pairs, but at more 
or less equal distances from each other: we are confronted by the problem 
of n bodies in its most general and unmanageable form. Nature challenges 
the mathematicians. 


883. Clusters,—* There are In tho sky numerous groups of stars 
containing from one hundred to many thousand members. Some of 
thorn are made up of stars visible separately to the naked eye, as the 
Pleiades; some of them require a small telescope to resolve them, as, 
for instance, the Pramepo in Cancer, and the group of stars in the 
sword-handle of Perseus; while others yet, even in telescopes of 
Home size, look simply like wisps or balls of shining cloud, and break 
up into stars only in the most powerful instruments. 

In a large instrument some’of tho telescopic clusters are magnificent ob¬ 
jects, composed of thousands of stellar sparks compressed into a ball which 
is duzzlingly bright at tho centre and thinning out towards the edge. In 
some of them vividly colored stars add to the beauty of the group. In the 
northern hemisphere the finest cluster is that known as 13 M Hercules (a, 
llf| :i7 m and 8, 30° 4.0') not very far from the « apex of the sun’s way,” 


884. Tho Pleiades. —Of the naked-eye clusters the Pleiades is 
the most interesting and important. To an ordinary eye six stars are 
easily‘visible in it, Hie six largest ones indicated in the figure (Fig. 
n\)), Kyes a little better see easily five more —those next in size 
in the figure (tho two stars of Asterope being seen as one). A 
very small telescope (a mere opera-glass) increases the number to 
nearly a hundred ; and with large instruments more than 400 are 
catalogued in tho group. A few of the stars, apparently in the cluster, 
are really only accidentally on the same line of vision, and are distin¬ 
guished by proper motions different from those of the rest o ie 
group; but tho great majority have proper motions nearly the same 
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in amount ami direction ; they have also identical spectra, and tHore 
fore undoubtedly constitute a single system. 
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E*io. 229. — The PIoIqiIob, 


The distances and positions of the principal stars with respect to tins 
central star Alcyone have been carefully measured throe or lour tiimiH 
during the last fifty years. The relative motion^ during the period liavo 
not proved large enough to admit of satisfactory do term! nation, but ifc in 
clear that such motions exist. A curious and in to ran ting fact Is tho presence 
of nebulous waiter in considerable quantity. A portion of this nebulosity 
hanging around Merope (the northeast star of the dipper-bowl ill tlio figure) 
was discovered many years ago; but it was reserved to photography to 
detect very recently other wisps oE nebulosity attached to other stars, ospo- 
daily to Mala, and to show that the whole space Is covered with streaks nnd 
streamers of it, emitting light of such a character as to impress tho photo- 
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graphic plate much more strongly than the eye. The eye cannot see the 
nebula with the same tolescope which is able to photograph it strongly. 
The figure shows roughly the outlines of some of the principal nebulous 
filaments. 

885. Distance of Star-Clusters and Size of the Component Stars. — 
The question at once arises whether clusters, such as the one men¬ 
tioned in Hercules, are composed of stars each comparable with our 
sun, and separated by distances corresponding to the distance between 
the sun and its neighboring stars, or whether the bodies which com-, 
pose the swarm are really very small, — mere sparks of stellar matter: 
whether the distance of the mass from us is about the same as that 
of the stars among which it seems to be set, or whether it is far 
beyond them. Forty years ago the accepted view.was tiiat the stars 
composing the clusters are no smaller than ordinary stars, and that 
tho distance of the star-clusters is immensely greater than that of 
tho isolated stars. There are many eloquent passages in the writings 
of that period based upon tho belief that these star-clusters are 
xtelhir universe*) — “galaxies,” like the group of stars to which 
tho writers supposed the sun to belong, but so inconceivably 
remote that in appearance they shrank to these mere balls of shin¬ 
ing dust. 

It is now, however, quite certain that the other view is correct, 
tiiat star-clusters are among our stars and form part of our universe, 
barge and small stars are so associated in the same group in many 
cub os, as to leave us no choice of belief in the matter. It is true 
that as yet no parallax has been detected in any star-cluster; but 
that is not strange, since a cluster is not a convenient object for 
observations of the kind necessary to the detection of parallax. 


t 880. Tho Nebulas, —There are also in the sky a multitude of 
faintly shining bodies, — shreds and balls of cloudy stuff that are 
known as “ mbuloi ” (the word meaning strictly a “little cloud”). 
Some 8000 of these Objects are already catalogued. 

Two or three of them are visible to the naked eye. The nebula in 
the girdle of Andromeda is the brightest of them, in which, it will be 
remembered, the temporary star of 1885 appeared. 

The next brightest is the wonderful nebula of Orion, which, in the 
bounty and variety of its details, in the interesting relations of the 
included stars, the delicate tint of the filmy light, and in its spectro¬ 
scopic interest, far exceeds the other, — indeed, all others. 
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Jt is sn ditlicult to represent these delicate objects by any process avail¬ 
able to text-books> that wo limit ourselves to cuts of two only, tlio grout 
nebula of Andromeda and the “ring-nebula” in Lym (both from original 
drawings), referring the reader to the elaborate engravings that can bo 
found in the “Philosophical Transactions," the “Memoirs of Urn llnyal 

Astronomical Society/' 

■ and other nimilar works, 

for adequate representa¬ 
tions of other interest* 
ing objects of this kind, 

With a small tele¬ 
scope a nolmla omi not 
bo distinguished from 
a closo star-dustor, 
awl it Is quite likely 
that the dusters ami 
nebula) shade into 
cadi otlior by iuRonfti- 

Fiu. £10, —The OroRl KcbuU in Androinodn, hlo gradations, h 01t) 

years ogo it wub sup¬ 
posed tliat there was no distinction betwocn thorn oxeopt that of 
mere remoteness, — that all-nebulas could bo resolved into stars by 
sufficient increase of leleBcopio power. When Lord Itosse’s groat 
toleseope was first erected, it was for n time reported (and fcho state¬ 
ment is still often met with) that it had 14 resolved” tlio Orion nebula. 
This was a mistake however, No telescope ovor 1ms rcsolvod that 
nebula into Btars nor ever will, for we now know that It is not com¬ 
posed of stars. 

887, Forms and Magnitudes of Nebulse, —The larger and brighter 
nebulm arc, many of them, very irregular In form, atrotelling out 
spray#? and streamers iu all directions, and eoutaiuhig dark openings 
or 44 lanes,” The so-called tl fish-mouth ” in tlio nobula of Orion, and 
the dark streaks in the uebula of Andromeda, are striking examples. 
Some of these bodies are of enormous volume. The nobula of Orion, 
with its outlying streamers, extends over several square degrees, and 
the nebula of Andromeda covers more than one. Now, aa aeon 
from even the nearest star, the apparent distanco of Neptune ham 
the sun is only 80", and the diameter of Its orbit 1*. It is porfeotly 
certain that neither of these-nebiiloa is as near as a Centauri, and 
therefore the oroBs^seotion of the Orion nebula, as aeon from tlio 
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earth, must bo at least many thousand times the urea of Neptune's 
orbit. 

AVe do not know what is the real shape of either of these nebulas 
whether it is a thin, Oat sheet, or a voluminous bulk ; but some 
things about these two nelmhe and several others favor strongly 
the idea that their thickness does not correspond to their apparent 
area. 

888, The Smaller Nebulee. — The smaller nebulae are for the most 
part elliptical in outline, some nearly circular, others more elongated, 
and some narrow, slender streaks of light. Generally they are 
brighter at the centre, and in 
many cases the centre is occu¬ 
pied by a star. Indeed, there 
is a considerable number of so- 
called “ nebulous stars" that 
is, stars with a ha/,y envelope 
around them. 

There are some nebuho winch 
present nearly a uniform disc of 
light, and arc known as “ plan¬ 
etary ” nebulai, and there arc 
some which are dark in the 
centre and are known as i{ an- 
nular" or ring nebula*. The 
finest of these annular nebulas 
is tho one in the constellation of 
Lyra, about half-way between 
the stars ft and y ; it is shown 
in Fig. 281. 

There are also a number of double nebula), and some of theso exhibit 
a remarkable spiral structure when examined by telescopes of tho 
largest aperturo like the great reflector of Lord Rosso, The so-called 
il whirlpool ” nebula in the constellation “ Canes Vonatici ” is the most 
striking specimen, This spiral structure, however, is to be made out 
only in large telescopes ; in fact, very little of the real beauty of most 
of theso objects is accessible to instruments of less than 12 inches 
aperture. 

880, Variable Nebula). —There are several nebulas which vary in 
their brightness from time to time; one especially, near eTauri, at 
times lias been visible with a small telescope, while at other times it 
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is entirely Invisible even with large ones. So far no regular period 1- 
olty has been ascertained in such cases. 

t 890. Their Speotra. — One of tho earliest and most remarkable 
achievements of the spectroscope was its demonstration of tho fact 
that the light of many of the nebulm proceeds mainly front luminous 
gas. They give a spectrum of six or soven bright linen 1 (Fig. 232), 
three of which are fairly conspicuous ; while tho rest nro very faint. 



Fin. 283.'-Bpcclmm of tho thiaoonn Nubulw, 


Three of the lines, F t ll yi and h t m clue to Hydrogen. Ono, tho fnintont of 
all, recently discovered by Copeland, seems to bo identical with tho J) a lino 
of the solar chromosphere; but tlio origin of tho rest remains unknown. 
The brightest line of the whole number Is in tho green, X,f>00»4> and was for 
a while referred to nitrogen; but under closer exam in atlou tho identification 
breaks down, though the student will find it still oallod M tho nitrogen lino 1 ' 
in many astronomical works. 

Mr. Lookyer identifies It with a “fluting u in tho low-LeniporaLuro spec- 
trum of magnesium, whioli he has found in the spectrum of meteorites; blit 
this seems rather doubtful, as the nebula line iB fine and sharp, and does not 
look at all like the relic of a band; nor has tho coincidence boon Ratinfac- 
toriiy established by actually confronting tho nebula Hpootrum with that 
of magnesium. 

All the nebulro which give a gaseous spectrum at all, present this fmmo spue- 
trum entire or in part. If the nebula is faint only tho brightest lino appears, 
while the By line and the other fainter lines are booh only in tho brightest 
nebulpe and under favorable circumstances. 

881. But not all tho nobulrc by any moans givo a gaseous spec¬ 
trum: those which do bo — about lmlf the wholo numb or — nro of n 
move or less distlnot greenish tint, which is at onoo recognizable in 
the telescope. The white nebulas, the nebula of Andromeda at their 
head, give only a continuous and perfectly expressionless spectrum, 


1 The Tvavedengtlia of (he Ifnea aro the following, in.the order of brlghtnujBj 
(1) 600,4? (2) 496.81 (8) 480.1 Hydrogen (2?); (4) 4S4.0Ilydrogen y ; (G) 410.1 
Hydrogen (A); (0) 587.4 Ffeifum (?) ; (7) 448 ? 
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iminaikud by any hues oi bands, mthei bright or daik This must 
not be intei pieted as showing that these nebulas cannot be gaseous, 
foi a gas under pi essui e gives just such a spoctium, but so also do 
masses of solid 01 liquid when heated to mcandescence The speetto- 
scope simply declines to testify in tins ease The telescopic evidence 
as to the natuic of the white nobulic is the same as foi the green 
They withstand all attempts at icsolution, none moie (lunly than the 
Andioinoda nebula itself, the bughtesb of them all 

892 Changes m the Nebulae —The question has been nused 
whethei some of the nob ill tv have not sensibly changed, even within 
the few yeuis suite it 1ms became possible to obsoivo them m detail 
It is quite certain that m impoitant lespcets the early thawings diffei 
sonously horn those of leeont obseiveis, but the appearance of a 
nebula depends so much upon the telescope and the eucumstances 
under which it is used, tho leatiuos aie so delicate and mdelimte, and 
the difficulty of repiescntuig them on papei is such, that voiy little 
loliunco can be placed on discicpancies between diawuigs, unless sup- 
poitcd by the evidence of measures of some kind 

Thu? fai, tlm )>est aulhonticated instance ot such a change, acooiding 
to Piofessoi llolden, is in tho so (tilled “tniul" nebula, m Sagittal ms 
In tins object them is a pcoulnu tlnce logged moa of daihness which 
divides tho nebula mio tinuo lobes A blight luplo Hint, winch in the 
eaily pmt of tho cenlniy was desoiihod and figiued by Jlmschel and 
other obseiveis as in the middle of one of these daik lanes, is now ceilmnlv 
m the edge of the nolmla itself The stai does not seem to lime moved with 
lefoience to tho neighbonng stais, and it seems thmefoie necossaiv to suppose 
that the nebula itself has diiftod and changed its foim 

As to the nebula of Otion, lholessoi Holden’s conclusion is, that while 
tho outline i of tin 1 difieiont featiues lia\o piobably undeigoiio but htllo 
change, thou relative hntjhtne s«? and prominence have been continually fluc¬ 
tuating, This, howovoi, can luiully ho eonsideied ccitain, to settle the 
question will piobably lequno auothoi fifty yoais oi so, and tho compau 
son, not of dm wings lmt of phototpetphn -*-foi it is now possible to photo 
guvph the buglitei nebula' 

\ 803 Photographs of Nebulce. — Tho lhst success ni photogmph- 
ing an object of this soit was obtained in 1880 by Di Henry Draper 
in oxpeiiments upon tho nebula of Onon , m 1881 and 1882 lie gieatly 
improved upon hm Inst essays ; and not long bcfoie Ids death m 1882 
he obtained a i cully fine photogiaph of tlio beautiful object* Mr 
Common, of England, with Ins tin go- foot silvei-on-glass leflcotoi, and 
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exposures ranging from half an hour npwnrd, lme since thon obtained 
pictures of the same object, still finer, and that Boom to leave little to 
bo desired. They fail of perfection only beenuso the stars which 
jewel tho nebula so brilliantly ns soon by the eye, become In a photo¬ 
graph mere blotches, encroaching upon and cutting out largo patches 
of the most interesting portions of the nebula. 

A number of nebula* liavo alao been photographed by others ns well 
as by Common; but ho still maintains the load, and it is hoped that 
when \m now five-foot, reflector is finished, ho will procure for us an 
authentic record of the present appearance of all the most important 
objects of this class. 

t 

894. Nature of the Nebulee.—As to the constitution of theso 
clouds wo can only speculate. In the green nebulas wo can say with 
confidence that hydrogen and some other gas or gaBos are certainly 
present, and that the gases emit most of the light that ranches us 
from such objcotB, But how much solid or liquid matter in the form 
of grains and drops may be included within the gaseous cloud we 
have no means of knowing. 

The idea of Mr. Lockyer (a part of his wide induction os to what we 
may call the “moteoritic constitution of the universe”) is that tlioy nro 
clouds of “sparse meteorites, the collisions of which bring about a rise 
of temperature sufficient to render luminous one of their chief constituents, 
— magnesium." 

IIow far this theory will stand tho test of time and futuro investigations 
remains to be Been. At first view it seems vory doubtful whether tlio colli¬ 
sion* in such n body could be frequent or violent enough to account for 
its luminosity, and one is tempted to look to other causes for tho source 
of light. 

895. Number and Distribution of Nebulee. —Sir William Hor- 
Bcliel was the first extensive investigator of theso interesting objects, 
and left his unfinished work as a legacy to his son, Sir John Her- 
schel, who completed the survey of the heavens by a roBidenoe of 
several years at the Cape of Good Hope. His u General Catalogue ” 
is the standard of reference for objects of this kind, and contains 
about 5000 of them. Between 2000 and 8000 rnoro have bcon 
added since its publication, most of them extremely faint. It is 
hardly possible that any important oneB remain tp be found. 

As to their distribution, it is a envious and important fact that it 
Is in contrast to the distribution of the stars. The stars, as we shall 
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soon see, gather especially in and about the Milky Way, as do also 
the star-clusters ; but the nebulae specially crowd together in regions 
as far from the Milky Way as it is possible to get. As has been 
pointed out by moro than one, this shows, however, not a want of 
relation between the stars and the nebnloe, but some “ relation of 
contrariety.” Precisely what this is, and why the nebulas avoid the 
regions thickly starred, is not yet clear. Possibly the stars devour 
them, that is, gather in and appropriate surrounding nebulosity so 
that it disappears from tlieir neighborhood. 

896. Distance of the Nebulae, — On this point we have very little 
absolute knowledge. Attempts have been made to measure the par¬ 
allax of one or two, but so far unsuccessfully. Still it is probable, 
indeed almost certain, that they are at the same order of distance as 
the stars. The wisps of nebulosity which photography shows at¬ 
tached to the stars in the Pleiades (and a number of similar cases 
appear elsewhere), the nebulous stars of I-Ierschel, and numerous 
nobnltu which havo a star exactly in the centre, — these compel us to 
belioYO that in such cases the nebulosity is really at the star . Then 
in the southern hemisphere there are two remarkable luminous clouds 
which look like detached portions of the Milky Way (though they 
arc not near it), and are known as the Nubeeulte (major and minor). 
'Plume are made up of stars and star-clusters, and of nebulre also, 
till swarming together, and so associated that it is not possible to 
question their real proximity to each other. 

897. Pi tty years ago a very different view prevailed. As has been said 
already, astronomers (it that time very generally believed that there was no 
distinction between nobiilte and star-clusters except in regard to distance, 
tlio lurtmlm being only clusters too remote to show the separate stars. They 
considered a nebula, therefore, as a “universe of stars,” like our own “galac¬ 
tic cluster” to which the sun belongs, but as far beyond the "star-clusters” 
as those wove believed to bo beyond the isolated stars. In some respects this 
old belief strikes one ns grander than the truth oven. It made our vision 
penetrate moro deeply into apace than wo now dare think it can. 

898. The Galaxy, or Milky Way, — This is a luminous belt which 
surrounds the heavens nearly in a great circle. It varies much in 
width and brightness, find, for about a third of its extent, from Cyg- 
nus to Scorpio, is divided into two nearly parallel streams, In 
soveral constellations, xvs in Cygnus, Sagittarius, and Argo Navis, 
it is crossed by dark straight-edged bars that look as if some 
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light cloud lay athwart it, and in the cnimtclhuinn of (Vniaurim there 
ia a dark pmir-bhupod orifice,— the " coal mink,” »h it in nailed* 

The galaxy Interscutu the cellptl<j at two oppoHilo points near the 
solstices, making with it an angle of about dll 0 . Tim mullimi 
“ galnotia polo,” an It Is called, lies, according lo Kir *Inlm 11 riHi-lii‘1, 
in declination + 27°, and right usoonslnn l*2 h 'I?"; tlm Hmillmrn 
“galactic polo” is of course at the opponlto point In Mm nonlhmi 
hemisphere. Ah Ilorselud remarks, the “galactic piano H 14 is hi 
sidereal whufc the ecliptic Is to planetary aslmiminv, a plane nf 
ultimate reference, tlio ground plan of the sidereal syslam." 

The Milky Way Ih made up almost wholly of small slurs from tin? 
eighth magnitude down. It contains aluo a large number of Mini- 
clusters, but (as has been already mentioned) very lew I rim m-lmlm. 
In some places the stern are too thickly packed fur counting, un- 
pooially in the bright knots which abound here and Micro. 

(An excellent detailed description uf lls up|Hianuiee ami imuran limy bn* 
found hi IlnrflolieVs “ Outlines of Astronomy.") 

890. Distribution of Stars iu the Sky: Star-0augofl. It hi 
obvious tlmt the stars are not uniformly scattered over the licaveim. 
They show a decided tondeuoy to colloid in groups hern and llinv, 
and to form coimcetod streams; but besides this, an cnimicmtion nf 
t|io stars In the great star"catalogues shown that the number iunvnm 1 u 
with considerable regularity from the galuctlo pohm, whom Hicy an* 
most sparse, towards the galactic circle, where limy arc most crowded. 
The “star-gauges” of the Ilerscbels make this fact slill mmo 
obvious. 

, ti t ' rtao consisted merely in the counting of ilia number of aim -, 

visible in the Held of view (Iff in diameter) of the twenty-foul ivll.Thw, 
Sir William IIorHohel made 8400 of these gauges, directing Ihc telescope t«i 
different parts of the sky; and his son followed up Urn work til. Ihe I'npo <.i 
Good Hope, Struve’s diseiiHslou of these gauges in their relat ion to I hr 
galactic olrolo gives the following result: — 

Dloiaiicu from UtOaiy, N .if of Hu,vh In KI«M. 
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900, Structure of the Heavens, — Our space does not permit a 
discussion of the untenable conclusions reached by Horscbcl and 
others by combining the unquestionable data derived from observa¬ 
tion, with the unfounded and untrue assumptions that the stars an* 
substantially of a size and spaced at approximately equal distances* 
Many of those conclusions relating to the form and dimensions of 
the Milky Way, and of the stellar universe to which our sun belongs, 
have become almost classical; but they are none the less incorrect. 

It is certain, however, that the faint stars as a class are smaller 
and darker and more remote than are the bright ones as a class; ami 
accepting this, wo can safely draw from the star-gauges a few general 
conclusions, as follows: —* 


Wo present them substantially as given by Newcomb in his “Popular 
Astronomy/' p. 401, 

1, u The great mass of the stars which compose this (stellar) 
system arc spread out on all sides in or near a widely extended 
plane, passing through the Milky Way, In other words, the large 
majority of the stars which we can see with the telescope are con¬ 
tained in a space having the form of a round, flat disc, the diameter 
of which is eight or ten times its thickness, 

2 . «< Within this space the stars are not scattered uniformly, but 
arc for the most part collected into irregular clusters or masses, witli 
comparatively vacant spaces between them/’ 'they are 44 giegaiious, 
to use Miss Gierke's expression. 

3, Our sun is near the centre of this disc-like space. 

4. The ntikecl-ejfe stars “are scattered in this space with a near 
approach to uniformity,” the exceptions being a few star-clusters aiul 
Hlar-aroups liko the Pleiades and Coma Berenices.. 

(i,°“ The disc described above does not represent the form of t le 
stellar system, but only the limits within which it is mostly con¬ 
tained.” The circumstances are such as to " prevent om assigning 
any more definite form to the system than we could assign to a eloiul 

° f (h"“ On each side of the galactic region the stars are more evenly 
and thinly scattered, hut probably do not extend out to 
all approaching the extent of the galactic region, or if they do tly 
are very few in. number, hut it is impossible to set any definite 

l, °T oTcach side of the galactic and stellar region we have£«ebnlar 
region, comparatively starless, but occupied by great nmnbet. o 

nebuhe. 
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Aa to the Milky Way itself, it is not yofc certain whether tlic utiira 
which compose it are distributed pretty equally near the gnlneUti 
circle, or whether they form something like a ring with a compara¬ 
tively vacant space in the middle. The ring thoory hccmiih lit present 
rather the more probablq of the two. 

As to the distance of the remotest stars in the stellar ays tom, it is 
impossible to say anything very definite, but it accina quite certain 
that it must be at least so great that light would occupy from 10,000 
to 20,000 years in traversing it. If one asks what is beyond tlm 
stellar system, whether the star-filled space extends indefinitely or 
not, no certain answer can be given. 

901, Do the Stars Form a System 1 ?—That is, do they form an 
organized unit, in which, sb in the solar system, each of tlm different 
members has its own function and permanently maintains Its relation 
to thq rest? Gravitation certainly operates, ns tho binary a tarn 
demonstrate, 1 and tho stars aro moving swiftly in various directions 
with enormous velocities, as shown by their proper motions, and by 
the spectroscope. The question is wbethor these motions uro con¬ 
trolled by gravitation, ami whether they carry tho stars in orbits that 
can be known and predicted. 

That the stars are organized into a system or systems of noma sort 
can hardly he doubted, for this Beems to bo a nccossary eoiiHoqucneu 
of their mutual attraction. But that the system is ono at all after 
the pattern of the solar system, in which tho d iff even t members move 
in closed orbits } — orbits that are permanent exoopt for the slow 
changes produced by perturbation, — this is almost eortainly Im¬ 
possible, as was said a few pages back. 

903. Is there a Revolution of the Whole Mass of Stars? —A 
favovito idea lias been that the mass of stars which ccmstitutoH our system 


1 This is perhaps r&lher too strong an expression. It would bo truer lo hiiv 
that none of the observed phenomena of the binary stars contravene the univer¬ 
sality of gravitation, and for tho moat part tlioy are just wlmt gravitation easily 
account* for. But they do not demonstrate that the central foreo varies Juvtihtuly 
ttith the Bqiinrc of the distance, beeau&c wo do not know tho angle made by pit 1 
orbit-plane with the line of sight, except from unleiilfttiona based on the assump¬ 
tion that the central force really varies In that way. The orbits, as directly 
obserred, are consistent with several other laws of control force than j)iu 
law of inverse squares. (See 4 ‘Astrcm, Journal,” yol. VIIT., aT tldo by IW. 
A. Hall.) 
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has a «low roUitimi like that oE a body on its axis, the plane of this general 
revolution coinciding with tho plane of the galaxy. Such a general motion 
is not in any way inconsistent with the independent motions of the indi¬ 
vidual stars, mid there is perhaps a alight inherent probability in favor of 
tmeh ji movement; Imt thus fur we have no evidence that it really exists — 
indued, there hardly tumid he any such evidence at present, because exact 
Astronomy is not yet old enough to have gathered the necessary data. 

903. Central Suns.* —A number of speculative astronomers, Madler 
|imhnps most prominently, have held the belief that there is a “ central sun” 
standing in Honm mieh relation to the stellar system as our sun does to the 
solar system. It is hardly necessary to say that the notion has not the 
slightest foundation, or even probability. 

Lambert supposed muni/ such suns as the centres of subordinate stellar 
HyninniH, and because we cannot see them, ho imagined them to he dark, 

II’ we conceive of boundaries drawn around our stellar system, and count 
all the slurs within the limits us members of it, leaving out of the account all 
that full outside, then, of course, our system so limited has at any moment 
* ii perfectly definite centra of y m nit y t There ia no reason why some particular 
nluv may not be very near that centre, and in that sense a "central snn ” is 
possible'; hut its central position would not give it any preeminence or rule 
over its neighbors, or put it in any such relation to the rest of the stars as 
the Him hears to the planets. 


904, Orbits of Sun and Stars. — It is practically certain that the 
motions of tlm stars are not orbital in any strict sense. Excepting 
H turH which arc in clusters, all other stars are simultaneously acted 
U pon by many forces drawing in various and opposite directions; 
ami these forces must in most cases be so nearly balanced that 
the resultant cannot lm very large. The motions of the stars must 


eoimmpiontlv, ns a rule, be marly rectilinear. 

Still tlm balancing of the forces will seldom be exact, and accord- 
hmlv the path of n star will almost always be slightly curved ; and 
Himm tim amount and direction of the resultant force which acts on 
Lliu Mtnr is continually changing, the curvature of its motion will 
alter correspondingly, and the result will be a path winch does not 
He in liny one plane, but is bent about in all ways like a piece of 
crooked wire. It iH-horcUy likely, hoover, ««* «* curvature of a 
ntnrt path would, in any ordinary case, be such as could be de ote 
1,y the observations of a single century, or even of a thousand 

• V “a»I»» biwn rid More, In connect*.,, with the proper motions «f 
the .urn, lhh .notability l« that the separate star, more l.eailj 
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peiulently, “ like bees In ft swarm." In the solar system tba tnmirm 
power is supreme, and perturbations or deviations from tlm |mlU 
which the central power prescribes are small and transient. In iln: 
stellar system, on the other hand, the contral force, if it exists ul. nil 
(n.B an attraction towards the contvc of gravity of Iho whole limtm i>r 
stars) is trilling. Perturbation prevails over regularity, and u huh 
vidualism ” is the method of the greater system of the stars, aw nulm 
despotism is that of the smaller system of the planets. 

905. Cosmogony.—Unquestionably one of the most Intui’cullnj', 
and also most bafiltng, topics of speculation is the problem of Him 
way in which the present condition of the universe came about. IK 
what processes Imvo moons and earths and Jupifcers and Katurim, 
come to their present Btate and into their relation to tho sun? Wlrnl 
has been their past history, and what has the future in More $'<n 
them? How has the sun come to. Ills present glory and dominion r 
ancl in tho stellar universe, what is the meaning and mutual ivlutinn 
of the variouB orders of bodies wo seo, — of tho nebulm, the Mm- 
clusters, and the stars themselves? 

In a forest, to use a comparison long ago employed by the ehl«» 
Horschel, wc see around us trees in all stages of their life IklMuiy 
There are the seedlingB just sprouting from tho acorn, tho Hlrmln 
saplings, the sturdy oaks in their full vigor, thoBo also that uiv i«!d 
and near decay, and the proBtratc trunks of the dead. (toil u« : 
apply tho analogy to the heavens, and if wo can, which oT tin* 
before ns avo to be regarded as in their Infancy, and which of ill*’in 
ns old and near dissolution? 

906. Fundamental PrinoipleB of a Eationol Cosmogony.-In 
the present state of science many of the questions thus suggi-Mi «l 
seem to be hopelessly beyond the reach of investigation, vvliilr 
others appear like problems which time and patient work will 
solve, and others yet have already received clear and deride »l 
answers. In a general way it may be said that the cowhwKfiktm 
find aggregation of rarefied masses of mailer under the fnrrv uf 
gravitation; the cojiversion into heat of the ( potential ) “ energy •*/ 
2X)sition ” destroyed by the process of condensation; llie effect i\f 
heat upon the contracting mass itself and the radiation of energy 
space and to surrounding bodies as waves of light and hoali— tin 
principles contain nearly all the explanations that can thus fur \w 
given of the present state of the heavenly bodies. 
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907 The Planetary System —\\u see that om phinefcaiy system 
is not a mcie accidental aggiegation of bodies Masses of inattei 
coming hap-lmzaul to winds the sun would movo, as comets do, in 
oibils, always conic sections to lie muo, but ol eyny dogico of eccen- 
tncity and inclination Tluue me n multitude of relations actually 
obscivcd in the phmotaiy system which aie wholly independent of 
giavitation and demand an explanation 

1 The oilnts me all neaily c uculai 

2 They me all neaily in one plane (excepting the cases of some 
of the little asteimds) 

6 Tho revolution of all is m the mine dnednm 

4 Thoie is a cunously tequlai pioqiession of distances (expiessed 
by Bode’s law, winch, howcsei, bieaks down at Neptune) 

5 Theie is a lmiglily icgulni ptogiesswn of density, moicasmg 
both ways fiom Saturn, the least dense of all the planets ui the 
system. 

As legmds the planets tliemsehes, ive have 

0 The jiJaac of tho planets’ lotation neaily conuidiuy with that of 
(Jie oihd (piobably excepting Uianus) 

7, The <In ei linn ol the lotation the same as that of the mhUttl 
lennhdton (excepting piobably Unmus and Neptune) 

8 The plane of uibitul (evolution of the natellUe i comeuling netuh 
with that ol the planet’s lotation 

( ), The duection ol the satellites’ revolution also coinciding with 
that of the jilanefs uilulwn 

10 Tho hugest planets lotate most swiftly, 

908, Origin of the Nebular Hypothesis, —Now tins is evidently a 
good an alignment toi a plancltuy system, and thcicfoio some ha\e intoned 
that lho Deity made it so, pci feet fiom tho fust But to ono who considcis 
tho way in which olhoi poifeet woiks of natum usually como to then pcifec- 
lion — then pioeessosol giowth and development—'this explanation seems 
impiobiihli It appeals fai moio likely that thoplanotaiy system qim than 
that it was built oulnght 

Tineo (blleient plnlosopheis m the last contmy, fovodonboig, Kant, and 
La Place (only ono of thorn an astionomoi), mdopemlently pioposod essem 
tmlly the same hypothesis to account fm the system as we now know it 
La Placed tlieoiy, as imglit have been expected fiom his mathematical and 
scientific attainments, was the most caiefully and leasonably woikcd out in 
detail It W'as loinuilafcod hetoio tiie discoveiy o-f tho gioat piinciplo of tiio 
«(onset vation ol encigy,” and betmo the mechanical equivalence of heat 
Willi ollusi founs of enoigy w r as known, so that m some lespects it is defoc 
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tive, and even certainly WTong. In its main idea, however, that the Bolar 
aystein once existed oa a nebulous mass and has reached its present state aa 
the result of a series of purely physical processes, it Booms certain to prove 
correct, and it forms the foundation of all the current speculations upon the 
subject. 


009. la Place’s Theory. —(a) He supposed that at some past time, 
which may be taken as the starting-poiut of our system's history 
(though it is not to be considered as the beginning of the existence of 
the substance of wlilob our system is composed), the matter now col¬ 
lected in the sun and planets was In the form of a nebula , 

(&) This nebula was a doud of intensely healed gras, porhaps hotter, 
as he supposed, than the sun iB now. 

(c) This nebula under the action of its own gravitation, assumed 
an approximately globular form with a rotation around an axis. Ab 
to this movement of rotation, it appears to bo uooesnary to account 
for it by supposing that the different portions of the nebula, bofovo 
the time which has been taken as the starting-point, had motions of 
their own. Then, unless theBe motions happened to bo balanced in tho 
most perfeot and improbable manner, a motion of rotation would sot 
in of itself as the nebula contracted, just as water whirls in a basin 
when drawn off by an orifice in the bottom. The velocity of this rota¬ 
tion would become continually swifter as the volume of tho nebula 
diminished, the so-called “ moment of momentum ” remaining neces¬ 
sarily unchanged. 


910. (d) In consequence of this rotation, tho nines, instead of 

remaining spherical, would become much flattened at tho polos, and ns 
the rotation went on and the motion boonmo nocolorated, tho time 
would come when the ceutrlfugal force at the equator of tho noil* 
ula would become equal to gravity, and “rings of nebulous matter” 
would be abandoned (not thrown off), resembling tho rings of Saturn, 
which, indeed, suggested this featuro of tho theory. 

(e) A ring would revolve for a -while as a wholo, but in time woukl 
ftraifc, aud the material would collect into a single globe. La Place sup¬ 
posed that the ring would revolve as if it wore solid, the outer edge, 
therefore, moving more swiftly than the inner. If this were so, tiro 
mass formed from the collection of tho matter of tho ruptured ring 
MWMfy rotate in the same direction as tho ring lmd revolved. 
(/) The planet thus formed would continue to revolve around tho 
central mass, and might Itself in turn abandon rings which might 
break, and so furnish It with a retinno of satellites. 
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1)11. It 1 h ohvimia that. this theory moots completely most of tlw 
nmditinna of the problem. It, explains every one i»f Mm IiioI-n jimt 
mentioned jih explanation in Mitt iiulur ayalatn. Imbu'd, it 

explains lliein almost t<»> wdl; fur m< tin? theory mIuimIh It tmmlu u 
moat iierinuu dilllciiltv in I bn twrrpfhnml euuen of l.]io planetary aynloui, 
Miirli as tho anomalous and rcl-rnjrnuln revnluMnim of Urn Hididlilea of 
I rumm und Neptune. Another dillleully lieu In 1 hn nwll’1. revolution 
♦ if I'hotiMM (Art* iiHW), Ilm Inner satellite of Main. Aoeordmjt$ to Mm 
mm h rtlilhiI iiobnlm liy|icI m'mim, no phuiel, nr nulullife could have a 
linn* of involution less limn I In* lima of rotation which tin* cenlnd 
body would have, if expanded until its radius hernmcH equal to Ilia 
rudiua of the salelliie'u orbit; slill Inna could Hi have a period m bur tor 
Ilian Him central body uom has. 

012, NocOHHiuy MoililUmtloiiH* 'Tim pmieipul mod Hlcal toimwliluli 
aocm OHMcnfinl In the theory in (lit? light of our preaoilf knowledge, tiro 
flu* following. (Thu aimill lull era indlealu lliu utiluluH of the. original 
1 henry In which reference In made.) 

(/i) ft la not prnhnhlc Itiat the original nelinla could have Imeind a 
/em/a /Were even nearly us an I hn present, lomperntnm of ilm 
aim. The process of modcmmi inn nf u gameuim dnnd from h»m of 
heal by ludiuliuu, wouhl cause I he lompomlurc to nVq according to 
I he reiimiknhle and almost. puradnxleul law of lame (Alt. M7), 
unlit the niieai Imd begun lo liquefy or solidify. Ami It, uppcnix pmlo 
aide llmi the original nebula, Instead of ln?iiifjf prnrltf wiin 

mlher a e/om/ q/Vfw/ limn a f,e M that It wan umdntip of 

llnely divided particles of solid nr liquid niutlcr, each pnrlinlu onvcl* 
oped In a mantle of permanent pun. Such a nebula in condensing 
would m* 1 in Icmpcndum at llrnl. aa if purely guNmim, ho I lmt Uh cen¬ 
tral mass alter a time would reach the solar singe nf lompemiiue, Urn 
solid and liquid purl idea inciting and viiporl/.ing ns f lm i imihh grew 
holler. At a fiulniequenl stage, when vet more of Hat original energy 
t»f Hm mass Imd been dlaalpaled by radiation, the temperature of Mat 
bodies which were formed from and within Mm nebula would fall again, 

And yet bn Place nt*itf have been right in mierlblug a high l.emporuluni lo 
lim original nebula. If l-lmt wen* really Ilm mum, Ilia only different’*} would 
he that Mat nebula would let loaner in reselling Mm condition of a mdur 
hVHlemj lull ll: huMili an ha supposed, to usHiniiii Ihut Ilm original 

teiHpeiatma wna high* and tlml- Ilm matter was mlj'imdiy In u pnndy ^iiHeiiUH 
nmililiou. in urdm’ buireniml for the prenenl i'\ht|em:e of madi a group of 
hudioM iu* the Inmuide^eenl mm and ib< cool alleudtiiil pluiiitKa. 
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013. ( d ) As regards tho manner in which tlio pianotary boclioR 
were probably liberated from the parent iiuibh, it Booms to bo very 
doubtful whether the matter accumulated at the oquutor of the mint¬ 
ing mass would usually separate itsolf as a ring. If a plastic iuuhh 
in swift rotation is not absolutely homogeneous and symmetrical, it 
Is more likely to become distorted by a lump formed somewhere on 
its equator, which lump may be tin ally detached and circulate around 
its primary. The formation of a ring, though possible, would seem 
likely to be only a rare occurrence. 

La Place scorns to have believed also that the outer rings muni 
necessarily have been abandoned first, and the others in regular hiiu- 
cession, 00 that the outer planets aro much tlio older. It hcgiuk, how 
ever, quite possible, and oven probable, that several of the pianoli 
may be of about tho-samo ago, moro than 0110 ring having heui 
liberated at the same .time; or soverai plunota having been formuc 
from different zones of the same ring. 

(e) In the case where a ring was formed, it is practically curtail 
that it could not haye revolved as a Holld sheet; i.r?., with the mini 
angular velocity for all the particles, and with the outer portions 
therefore, moving more swiftly than the inner. If, for Inuhuiao, th 
matter which now constitutes tlio earth wero over distributed to fon 
a ring occupying anything like half tho dlstanco from Yoiiuh to Muiv 
it must have been of a tenuity comparable only to that of a uomu 
The separate particles of such a ring could have had very little coi 
trol over each other, and must have moved substantially ns indcpoiu 
eut bodies; the outer ones, like remoter planets, making their H 
oiuts in longer periods and moving more slowly than those nunr ll 
inner edge of the ring. 

014, Explanation of the Anomalous Rotation of Uranus and No 
tune. AYlieu tho matter of such a ring concontmtoH Into a sing 
mass, the direction of tho rotation of tho resultant planet depends up* 
the manner in which the matter was originally distributed in thfl rin 
If the ling bo nearly of the same density throughout, tho rcHullii 
planet (which would bo formed at about tho mlddlo of tho riiq 
width) uniBt have a retrograde rotation like Uranus and Neptim 
But if the particles of the ring aro moro cloaely packed nmir : 
inner edge, bo that the resultant planot would be formed muoh wU 
In the middle of its width, its axial rotation must bo direct. In t 
first case, illustrated in Fig. 238 (a), the particles near tho inner cri 
of the ring would control, tho rotation, having a greater moment 
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rotation with respect to ilf, where the planet is supposed to be formed, 
than those at the outer edge. The rotation, therefore, will bo 
retrograde) on account of their greater velocity. 

In the other case, Fig. 288 (&), where the inner edge of the ring 
in densest, and the planet is formed as at AT, much nearer the inner 
than the outer edge of tho ring, the aggregate moment of rotation 



with respect to ./V is greater for tho panicles beyond N (because of 
llioir greater distance from it) than that of the swifter moving pavti- 
olos within, and this determines a direct rotation. 

The fact that the satellites of Uranus and Neptune revolve back¬ 
wards is not, therefore, at all a bar to tho acceptance of the nebular 
hypothesis, as sometimes represented. If a new planet should ever 
l,o discovered outside of Neptune it is altogether probable that its 
satellites would bo found to retrograde. 


This is not tho only way in which the retrograde rotation of the outer 
nlnnolH may ho accounted for. There are a number of othei possible 
assumptions ns to tho constitution of the mass detached from the pare 
nebula, and tho manner in which its particles ultimately coalesce to form 
planet, which load to a similar result. 

016 Nave has recently propounded a modification of the nebular hypoth¬ 
esis which mis tho planets of tho •< terrestrial group » (Mercury, Venus, the 
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ICartli, Mid Mars) older Mum Mm inilm-mii'H, Ifi» mipjinsns Hull On' pinin'* 
woro formml by UhhiI tumduiiHuMnim (nol, by Mm foriiutUvin u( linge) tniK * 
fclio revolving imbuhi. At Ural, bnforo tlm lmhnhiwua imittli wl 

contra, Mm inward aUrunlion would bn at any point directly jH’iiftwiion* i* r 

Ma t/fa/Mico a/ /win* /w* a///rnmVy nf Dm imlmlu; f b 

[oreo could bo axpronmul by Mm ispmlion 7Ailin' Mm i!ntnb’in>.ni-i 
has gone ho fur Mmt pnmUnally tilmnab Mm whulu nf Mm inalh-r b« 
jit Mm contra of Mm nobulit, llm fimm Is umrwly projiorltoimt to the nut * « 
/As tfiatomw,— Mm ordinary law of gmvituMon, 



At any Intermediate tlmo, during Mm gradual rniulniihuMnn i*F Ili>* indml? 
Mm intensity of Mm control force will, Mminforn, bn given by im i*xprt , . , -’ii«* 
having Mm form 

y, ' t '" r, < v 

r being Mm (listen<m of Mm body anted upon from Mm non Ira nf Ki’iivlty * 
tho nebula* while n and //urn coofllolonla which dojmud upon Ha ugnj u 
fcimmlly (kunmning as Mm imbulit grown older, wlilln /; InmviiHOH. 'Hi*’ phiio I 
formed within Mm nebula when It wan young, mt, p wlmn <r win* ling** 
waa Rumll, would have direct rotation upon Mmlr n\vn t wldlo fi.uu< 

after « laid HOimihly vuntHlmd would luivn a vntrognnlu vutetlmi j niirl Mn- t< 
HiippoiMffl to ho Mm (hin'i with UmmiH and Nnplium, which h«> vmmbl * 
younger Mian Mm iinmr pluimk. Viiyn'n work '‘I/Origlim dn Muml'!." 
contains nn excellent Humumry of Mm views and Mmmimi of Urn iHiiVm ) 
astronomers who have speculated upon Mm uosmogony. 

916. Tidal Evolution.Within n Tow yearn IW, (i. n. limn) 

(son of tho groat milumllHfc) Inm nmilo Homo Inipnvlimt li'wciii*. 
tioim upon tho olToot of tidal rtwlttw bnlwcm a ciiifrnl .men uinl 
body rovolving about It, both of thorn being mippoHed |o I,., ,.f 
a nature (f.fl., not aliHohitcly ri{(id) , Mint ll.hm con be n.hcl up,, 
them b\ tholr nnitual attraction. AVo liavo already alhnle.t l<* u. 
Bubjeot in ooiniiHitlon with the tidoH (Art. -IM). lfo Rmlo In il.l 
reaction nn explanation of many puzzling faiitn. Jt npiioniM, r< 
instanoo, that if a planet and Itn untellllii have nvnr hml tholi* Uni.-i » 
rotation of tho Hamo lungLh iw llio Hum or Mioir orbital 
around tholr common centre of gravity, then, Htarlli.g ho... tie 

time, either of two tliingB might happen.the huIoIIUo might |„-ol 

to recode from the pianot, <ir It light fell hack to tho cmt.nl 
ilio condition la ono of unatulilo crpilllhrlniii, »ml the Hllghi.ml 
might dotormluo the mibHoquent euumo of tlilngn In oltlu-r ..f il, 
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two opposite dnections Whcnevei tho lime oC lotation of the 
planet is nhoitei than the oibital peiiod of tlie satellite (as it would 
natiually become by condensation continuing after the sepaiation of the 
satellite), tho tendency would bo, as explained m Article 484, slightly 
to accelciato the satellite, and so to cause it continually to lccedo 
by ail action the leveiso of that pioduccd by the hypothetical lesist- 
mg medium wlnoli is supposed to distiub Kntkc’s eomot This, it 
w ill be lemembeicd, is thought to bo the case with out moon. 

917 But if by any means the rotation of the planet weie ? eta)(led, 
so that its day should become lonye) than the ponod of the satellite, 
tho tides pioduccd by tho satellite upon tho planet will then lotaid 
the motion of the satellite like a lesistmg medium, and so will cause 
a continual shoitemng of its peuod, piccisely as in the case of 
luicko's comet. If nothing mtoivenes, this aotion will in time bung 
down the satellite upon the planet’s smfaco Now in tho case of 
Mius thevo is a known cause opoiuting to retard Us rotation (namely, 
tho tides which aio mised by the s un upon the planet), and those 
who accept tho theory of tidal evolution suggest that this was tho 
cause which fhst made the length of the planet’s day to exceed the 
peiiod of tho satellite, and so enabled the planet to establish upon 
the satellite that ictai datum which 1ms shoi toned its little month, 
and must ultimately bung it down upon tho planet. 

Piocosses such as these of tidal evolution must nocessauVy bo 
extremely slow. TIow long nio the penods involved, no one can yet 
cstimato with any pre< mion, but it is eciUun that the ycais aio to be 
counted by the million, 

(Wo have alicudy lofoncri tho loadoi (Ait. 481*) to tho last chapter of 
Ball’s “Sloiy nC tho Heavens ” as continuing an excellent and easily nuclei- 
stood explanation of this suhjcol ) 

918. Conclusions derived from tho Theory of Heat —As Profes¬ 
sor Newcomb has said, u Kant and La Place seem to have amved at 
the nebular hypothesis by masoning Joiwaids, Modem soicuco ob¬ 
tains a similar icsutt by icasoning barKwauls fiom actions which we 
now soo going on lief or o our eyes ” 

Wo have abundant evidence that the eaith was once at a much 
highor tempoialiuc than now. As wo pencil aio below the suifaco 
wo hud tho tompeinliiLG continually using at a rate of about 1° F 
foi oyoiy fifty m sixty loot, thus indicating that at the depth of a 
few miles tho lempeiaturo must be fat above incandescence. Now, 
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bIiico tho mirfaeo temperature in ho iiiimli lower, llii* impllen mir (m 
both) of two things,— either Hint Imat-miiking pinerNHCM mu ^ninj. 
on within the earth (which may 1m true to noiim exleht), nr rlt»o Him 
fclio earth haa been much hotter than It imw in, ami 1 h roollng nil 1 , 
awl tills Booms to bo it most prnlmbln mipposllion. II. is JunL m 
rcauonublo, us Sir W. Thomnon pntn it, to Niippnim I lint. Dm mull 
hi\B lutoly boon intoiwoly lumlud us to Htippnnn (hut a warm Mono rim 
ouo piokfi up in tlio Hold him been lutoly nnnmw|icrn in llm Ihv, 


010. Eyidonoo clorivoA from tlio Oomlltion of the Moon mu 
Planota.—In tlio cimjo of Iho wum wo find u body bearing ujnoi it 
nurfaco nil tlio uiarlcu of past IgimouH notion, but now In uppcnniii'* 
intonBoly cold. Tlio planotH, ho iiu 1 uh wo rnu Judge from w biif 
ojin hco through tlio telescope, corroborate llm muiic mncbmhm 
Thoir tOHtlmony in not very nlrong, but Hi U at Icimt, lino Hull. iintbiu r 
in the aspect of any of Uiom inilltnloH iignluHt Mm view that (In v h 1 
aro bodicB cooling like tlio earth; run) In llm mura of .lupihw un.l 
Saturn many phenomena go to hIiow Unit they are Hlill (or al boro 
no;o) at a high temperature, — uh might bn expected t.|' bo. I in >,! 
such an enormous mnsu, which, neucmmrlly, oflmr things being mpinl 
would cool much more slowly than mmdlcr globe* like Mm earth. 

Tlio ratio of HurXaon to inass in muallur mh tho dimn<D« r nf a glebe 
larger, and upon this ratio Mm rata of cooling nf a bndy Inrg-dv d.^mK i< 
short ovorything we can ascertain from llm ubncmdlnn of MmYlmmlH < 
ooinplotoly with the idea that fclmy have come lo llmlr \vmn\ . nmlilbm U 
cooling tlown/'orn a molten or even fftnwous stiilc. 


02fl. The Sun's ToBtlmony.— in the hiiii wo Imvo u h..ilv > 

pouring forth an absolute,!}- inemiwtvablo an.. or 

any visible source of supply. Tims far the only r,imhlo hvpntb 

csls to account for this, mid for a imiUlUiiln of ml,,,,'.. iw.-i, 

It shows us, fa tlio one which makes It u grout oluii.l-iimnll-.l |. M || 
of incandescent gases, slowly sln-lnklng under Us n .„iml «„, v |lv 
co .voi'tfng continually a portion of Us » potential energy of J , 1 ^,|„ n •• l 
into the^o.^ of beat, which at presout mainly rl,UI 


^X'=r:rrir:: , rs;'“7.r- 

zr&zxgr**' . 
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M o bay mainly, because it is not impossible that the sun's temperature is 
even yob slowly using, and that the maximum has nob yet been leached, 
Wo. aio not mug whether all the heat pioducectby the sun's annual shnnkage 
is ladiatod into spare, m whether a poition is letamed withm its mass, thus 
nusing its lompoiatmo, oi whethoi, again, it ladiates mote than the amount 
thus gonei.iUid, so that its tempeiatuie is slowly diminishing 


981 1 Imt Iho sun is i rally shrinking is admittedly only an mfeience, 

tm Hio slninkugo must bo fai too slow foi dneot observation Out case is 
like Unit of a man who, to use one ot Piofessoi Nev r coinb*s lllustiations, 
\vlum lie roinos into a loom and finds a clock in motion, concludes that the 
(look-weight in descending, even though its motion is too slow to he obseivcd 
Knowing llio consUucLion of the clock and the anangement of its geaung, 
and tho mimboi of tooth in each of its diftcient wheels, he states confidently 
just how many thousandths of an inch the weight sinks at each vibiation of 
Um pendulum , mid looking into tho clock case and measuring the length of 
Urn npnon m which the weight can move, and noting its piesent place, he 
pioeeods to while how long ago tho clock was wound up, and how long it has 
yet to lim Wo must not push the analogy too fai, but it is m some such 
way tlmt we conclude fiom out measuicments of the sun's annual output of 
emuj^y m llio fnim of heat, how fast it is skunking, and we find thgt its 
dummlei must diminish not fai horn 2o0 feet in a yeai, at least, the loss of 
polenfud enoigy ismespomlmg to that amount of shnnkage would account 
ftn inm >em h i mining oC tho soldi mechanism 


932 Ago of tho Solar System—Looking backwaid, then, m 
imagination wo sco tho aim gi owing continually laigei tiuough the 
reyeised com ho of time, expanding and becoming ever loss and less 


doiiHo, until at Homo epoch in the past it filled all the space now 
included within the largest oibit of the solar system 

How long ago that was no one can say with coitamty If we could 
iiiHiuuo tlmt the amount of potential eneigy lost by contraction, con- 
voi tod into tho actual eneigy of heat and ladiated into space, has been 
(ho Hiumwmoh yew through all the mteivcnmg ages, and moieovei, 
tlmt all the heat ladmtod fias come from this soiuce only , without sub¬ 
sidy fiom any original stoic of heat contained m an onginai “ file 
nU H(, » m fiom energy denved fiom outside somees, then it is not dif 
Demit to conclude that tho aim's past lnstoiy must covei some 15,000000 

ov 20,000000 yeaiSi ' 

Hut the assumption that the loss of heat has been even nearly uni- 
Toim is extremely impiobablc, considering how high the piesent tern- 
tmvuUim of the sun must be as compaiedwith that of the oiigmal 
nebula, and how the lallo of surface to solid content has increased 

with llio losBtmmg diainetei. 
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Nor is it unlikely that tho sun may liavo received energy from ollic 
sources than its own contraction. Altogether It would seem LtmL w 
must cousider the 15,000000 years to be the least posslhlo vuluo of 
duration which may lmvo boon many times more oxtondod. If th 
nebular hypothesis and tho theory of tho solar contraction 1>u tm< 
tho sun must be as old as that, — how much older no ono can toll. 

023. Future Prospects. — Looking forward toward tho future, 
is easy to conclude also that at its present rato of radiation and eoi 
traction the aim must, within 5,000000 or 10,000000 years, become t 
dense that the conditions of its constitution will bo radically cluingnc 
and to Biich an extent thntlifo on tho earth, as wo now know life, won I 
probably be Impossible. If nothing intorvones to reverse the court- 
of things, the sun must at last solidify and become a dark, rigl 
globe, frozen and lifelosB among its lifoicss family of planets, j' 
least, tbiB is tho necessary conacquonco of what now seems to sciim< 
to bo the true account of its present activity and the story of its life 

924. Stars, Star-Clusters, and the Nebula. — It is obvious that tl 
sanTc nebular hypothesis applies satisfactorily to the explanation < 
the relation of these different oIubbos of bodies to oach other. I n fm; 
Hersohcl, appealing only to the law of continuity, hud coiidiultid bofir 
La Place foruuilated his theory, that nebulae develop BomotUnea in 
clusters, sometimes into double or multiple stars, and somothnoH in 
single ones. Hp showed the existence in tho sky of all tho liitonn 
diate forms between tho nebula and tho llnishod star, For a him 
about tho middle of our century, while it was generally supposed th 
all nebulas were nothing but star-clusters, too remote to bo resolved 1 
existing telescopes, his views foil rather into aboyanco ; but when tl 
spectroscope demonstrated tho substantial differences botwmm ll 
gaseous nebulce and tho star-clusters, they regained acceptance 
their essential features; with perhaps tho reservation, that many u 
disposed to believe that the rarest even of nebulous matter, imU'.i 
of being purely gaseous, is full of solid and liquid particluH like 
cloud of fog or smoko. 

926. The Present System not Eternal.— Ono lesson Hv.onw 
stand out clearly, — that tho present system of stars and worlds 
not an eternal one. Wo have before us irrefragable ovkliuwu 
continuous, uncompensated progress, inexorable in one dlrcctio 
ilie hot bodies are losing their heat, and distributing It to the no 
ones, so that there is a steady, unremitting tendency towards 
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'inifoun (and thcietoro useless) tempeiatuie tluoiighout tlm um- 
\eiso ioi heat does woi and is available as energy only token U 
uui pa s#j Jiqm hottei to cooler bodies } so that tins waimtng up of 
cooler bodies at the expense ol hottei ones always involves a loss, 
not ot energy (for tlmt is mdestnictible), but of ctiailuble entigy 
To use the technical language now usually ctnploied, oneigy is 
unceasingly “ diwjniled ” bj the pioresses which maintain the 
piesont life ot the umvoise, and tins dissipation of eneigy can 
have but one ultimate lesult,— that of absolute stagnation when a 
umfoim tempcintuiG has been evei^wheie attained If wo cany oni 
Imagination bachwaids we icach at last a c< beginning of things,” 
which 1ms no intelligible antecedent it fonvaids, an oncl of things in 
stagnation That by some piocess 01 other tins end of things will 
lesnlt m “now hcaicns and a new eaith , ‘ we can haully doubt, 
but science lias as yet no woid of explanation. 

926 Mr Lookyer’s Meteoric Hypothesis —The idea that the 
heavenly bodies m then piesent state may have been foimod by the 
aggiegation ot meteour mattei, wither than by the condensation til a 
i/uscoMS mass, is not new, and not oi lgmal with Mi Loek\ er, as lie him¬ 
self points out lhit Ins adoption and advocacy ot tho tbeoiy, and the 
suppoit he bungs to it fiom spectroscopic expenmonts on the light 
emitted by hagments of meteoric stones undei diffeicnt conditions, 
has given it such muicncv within the last two yoms that bin name 
will always be justly associated with it I\ r o have already lofeired 
to it m several places (Aits 8«)0 and 891 especially). 

Ite believes that he finds in the spectia of meteorites, under vmious 
conditions, an explanation 1 of the spectia of comets, nebulae, and 
all tho difieient types of slais, as well as the spectia of the Auroia 
Boiefths and the Zodiacal bight 

Assuming this, he consuleis that nebula » aic moteouc swauns In 
the initial stages of condensation, the sepaiatc individuals being still 
widely sepaiated, and collisions compaiatively lufiequonfc 

As aggiegahon goes on, the nebulas become stars> which 1 mi tluough 
a long bfe-lustory, tho temperature first Increasing slowly to a maxi¬ 
mum, and then falling to nou-hmiinosity During this Ufo-lnsloiy 
the situs pass thiough successive stages, each stage characterised by 


1 In some cases the explanation appeals to he at least doubt!ul, especially m 
instances wheio the piosence of a slmiplj defined tine in the spectrum of a hca^ 
cnl) body is lefened to the degradation of n band observed in the metooiie 
spectumi 
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its own typical apocti’mn ; and according to those views he divides liio 
stars into six spectroscopic classes, as follows :—. 

I. Those which, like the nebuhe, show bright limn or Jtutimjs in tha 
speotvum, without dark lines or bands, Vogel's II* ( 6 ) mul I. (r) 
(Art. 808 ) arc included in this class, y Cassiopeia* ami lf>‘2 Bubjul- 
levup are types. 

II. Those which show liot.h dark lines and dark Jlulings in the spec¬ 
trum. Vogel’s III. (a) : (a Orionis), 

III. Those which show the fine dark lines of metals. Vogel's 
H. (a) is included here in part, a Auriga* and the sun arc typical. 

IV. Those whose spectra are characterized by the cmuqncMous hydro¬ 
gen lines , all other lines and markings being faint. These stars are at 
the summit of the temperature curve. Vogel’s I. (a) : Sirius and Vega. 

V. This class, on the descending branch,of the tempovuturo curve 
(stars past middle life), should have sensibly tho sumo spectrum as 
thoso of Class III. Wo cannot be sure in which of tho two cl an huh 
our sun, for instance, should bo counted. 

VI. Tho red stars } their spectrum characterized by heavy absorp¬ 
tion bands. These are stars verging to extinction according to Mr. 
Lockyer’s viow. Vogel’s III, ( h ), 

It is impossible to go into detail and give here Mr. Lookyev’H In¬ 
genious applications of the theory to explain tho phenomena of the 
different classes of variable stars. (Sec Art. 860, however.) 

This hypothesis has recently been much strengthened by a most 
interesting mathematical investigation of Prof. G. Darwin, who 
shows that, if wo assume a meteoric swarm comparable in diimm- 
sious with our solar system, composed of individual masses such 
as fall on tho earth, ami endowed with Buoh velocities as moteom are 
known to have, suoh a swarm, seen from the distance of tho slurs, 
ivould behave like a mass composed of a continuous gas: Tills is not 
strange since, according to the kinetic theory of gases, a gas Is 
simply a swann of molecules, behaving in Just tho way tho meteorites 
are supposed to act. But it follows that tho meteoric theory of a 
nebula does not in tho least invalidate, or oven to any great extent 
modify, the reasoning of La Place in rcBpeot to tho development of 
buds and systems from a gaseous nebula. The old hypothesis lmn no 
quarrel with tho new. 

While it would be premature to indorse this speculation of Mr. 
Lockyor’s as an established discovery (since there roirmln in It many 
obscure and doubtful points), there can be little doubt that it marks 
an epoch in the history of the science. 
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TIIK GREEK 

l.ettvrK, Name. Lotion. 

A, u> Alpha. I, t, 

ft, Beta. K, k, 

I\ y, Gamma. A, A, 

A, 8, Delta. M, /x, 

H, c, IjJpsilon. N, v, 

Zetn. H, £, 

II» Eta* O, o, 

»* fl *, Theta. IT, tt cd : 


ALPHABET. 



Name, 

Loiters, 

Name, 

Iota, 

p > P s, 

Rho. 

Kappa. 

S, o- s, 

Sigma. 

Lambda. 

T, T, 

Tau. 

Mu. 

Y, v, 

Upsilon, 

Nu. 

<I>, <£, 

Phi. 

Xi. 

X, X. 

Chi. 

Omicron. 


Psi. 

Pi. 

a, to, 

Omega. 


MIS0ELL ANEOUS SYMBOLS. 


6 , Conjunction. 

□ , Quadrature. 

(? , Opposition. 

&, Asoonding Node. 
?S ,*Doaconding Node. 


A.li., or aj Right Ascension. 
Deel., or S ; Declination. 

A, Longitude (Celestial). 
ft, Latitude (Celestial). 

0, Latitude (Terrestrial). 


<u, Anglo bofcwocn line of nodes and line of apsides. Also 
obliquity of the ecliptic. 


DIMENSIONS OF THE TERRESTRIAL SPHEROID. 
(Aeeunlhig to Clarke's Spheroid of 1878, Por the spheroid of 1800, see Art. 140.) 

Equatorial sumMhunotor, — 

20 92 (> 202 feet = 8808.296 miles - G 378 190 metres. 

Polar Homidiametor,— 

20 854 898 feet =5 3949.790 miles « 6 356 450 metres. 
EUlptloity, or Polar Compression, aoa * 4fl -. 

Length (in metres) of l°of meridian in lat. 0 = 111 132.09 — 556.05 
eon 2 </> + L20 cos 40. 

Length (in metres) of 1° of parallel, in lat. 0 = 111415.10 cos 0 — 
94.54 cob 8 0. 
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1° of lat. at pole = 111 699.il metres a 69.407 mllca. 

1° of lat. at equator = lit) 567.2 metres = 68.704 miles. 

Tliose formula correspond to the Clarice Sphorold of 1866, used by 
the U.S. Coast and Gcodetta Survey. 


TIME CONSTANTS. 

The sidereal day *= 23 h 66 1,1 4 B .090 of mean Bobir time, 

The mean solar day = 24 h 8 m fif/.fiftG of Hklercul time. 

To reduce a time-interval expressed in units of nirnn solar time hi. 
units of sidereal time , multiply by 1.00278791 ; I/)g. of 0.00278791 
= [7.4374191]. 

To reduce a time-interval expressed in units of ml or ml lime In 
units of weem solar time, multiply by 0.99726967 = (1 — 0.0027804)1) ; 
Log. 0.00273048 =[7.4362316]. 

Tropical year (Lcvcmer, reduced to 1900), 8Ob* 1 6 h 48 in IfiVfll. 

Sidereal year u “ i{ 365 6 9 8.97. 

Anomalistic year 14 u tl 365 6 1)1 48.09. 

Menu synodical month (now moon to new), 29* 12 h 44 m 2 I .684. 
Sidereal month, . . , . . 27 7 48 11.645. 

Tropical month (equinox to equinox), . 27 7 48 4.08. 

Anomalistic month (perigee to porigeo), . 27 13 18 87.44. 
Nodical month (node to node), . . , 27 6 6 36.81, 


Obliquity of the ecliptic (Lavender), 28° 27' 08".0 — 0",47670—1900). 
Constant of precession (Struve), 60" t 204 + 0".000227 (i—1900). 
Constant of nutation (Peters), . 9 f, .223. 

Constant of aberration (Nyr6n), 20 r \492. 
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TABLE IV —STELLAR PARALLAX 
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TABLE VI. — THE PRINCIPAL VARIABLE STABS. 

A selection from B. 0. Chandler's catalog no of 225 variables (Astronomical Journal, Bupt, 
1888), containing snob as avo visible to the naked oyu, liavc a range of variation exceeding lialf 
iv magnitude, ami can be seen in tbo United States. 
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|Ail rofunmct'd, uidt-Ba uxprwBly stated to the contrary, are to articles and not to Hayes. 


A. 

Aberration of light, animal, Hi), 234-220; 
tiHCil to determine tlio solar parallax, 
692; tlluviml,226*; spherical and chro¬ 
matic, til). 

Anum* AYkka, discoverer of the lunar 
variation, 107. 

Absolute scalo of stellar magnitude,BIO* 
Acceleration of Enoko’s comet, 710; of 
Wiimecko’s comet, 71J; of the sun’s 
(squalor, 283-285; secular, of moon’s 
mean motion, IfiO-dOl; secular, of 
innnn'H moan motion ns affected by 
meteors, 778. 

Achromatic obJeoh-glftSBoa for telescopes, 
41 , 

Aetinomotor of Ylollo, 341. 

Adamh, J. U., the dlscovory of Neptune, 
1151 j investigation of the orbit of tlio 
beonldfl, 785. 

Adjustments of the transit Instrument, 

m. 

Aorolltos, 9eo Meteorites, 

Ago, retailvo, of the planets, 913,915; of 
Uio solar system, 922; of the sun, 359, 
Air-currents at high olovations, 778, nofe. 
AiiiY, U. lh, density of tho earth, 199, 
Albedo dolined and determined, 54ft; of 
,hipltor,W4; of Mars, 583; of Mercury. 
5I5H; of tho Moon, 259; of Nopfcuno, 
(KM); of flntuni, 988; of Uranus, 048; 
of Venus, 572, 

Algol, or /3 Persel, 848. 

Alnmgost of Ptolemy, 500, 700,795, 
Almuoantar defined, 12, 

Altitude defined, 21; parallels of, 12; of 
polo equals latitude, 30; of aim, how 
measured with sextant, 77, 

Altitude find azimuth instrument, 71. 
Amplitude defined, 22, 

Andromeda, tho nebula in, 880; tempo¬ 
rary star in the nebula of, 845. 


Andromedes, the, 780, 7S4, 78G, 

Angle, position, of a double star, 858; of 
the vertical, 155. 

Angular and linear dimensions, 5; veloc¬ 
ity under central force, its law, 408, 
409, 

Annual equation of the moon’s motion, 
458; motion of the sun, 172, 173, 

Annular eclipse, 382; nolmla in Lyra, 

888 , 

Anomalistic month, the,397, note; revo¬ 
lution of tlio moon, 250; year defiiied, 
219. 

Anomaly defined, mean and true, 189. 

Apertures, limiting, in photometry, 825. 

Apex of tlio sun’s way, 805. 

Apparition, perpetual, circle of, 33. 

Apsides, lino of, defined, 133; its revolu¬ 
tion in caso of tho earth’s orbit, 199; 
its revolution in caso of the moon’s 
orbit, 454; its revolution in case of the 
planets’ orbits, 527. 

Arc of meridian, how measured, 147. 

Areal or areolar velocity, law of, under 
central force, 402-400. 

Areas, equable description of, in earth’s 
orbit, 185,187. 

AucmLANDEH, liis Bureknmsleritnfj and 
zones, 795, 833; his star magnitudes, 
817, 833. 

Argus, >3, 841. 

Ariel, tho inner satellite of Uranus, 050. 

Aries, first of, 17. 

AuisrAKcmrs, method of determining the 
sun’s distance, 554), 670. 

Artificial horizon, the, 78. 

Ashes of meteors, 775. 

Aspects of planets defined by diagram, 
494, 

Asteroids, the, or minor planets, 592-601, 
theories as to their origin, 41*0. 

Astreea, tho fifth asteroid, discovered by 
lie n cite, 593. 
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[All references, unless expressly aimed to the contrary j nro to aW/c/rs, mul nut lo puycR.] 


Aafcro-PhysiCB defined, 2, 

AtlaaaB of the stars, 703. 

Atmosphere of tho moon, 255-257; of 
Venus, 673; height of tho earth’s, 1)8. 

Attraction, intensity of Ihe solar, on the 
earth, 430; within a hollow sphoro, 
100; of universal gravitation, 101,102. 

Axis of the earth, Its direction, 14; of the 
earth, disturbed by precession, 200; of 
the sun, Its direction, 282. 

Azimuth defined, 22; determination of, 
127; method of reckoning, 22; of tran¬ 
sit Instrument, ita adjustment, GO. 

n, 

Uaily, determination of tho density of 
the earth, 1GQ, 

Balanoe, common, used in determining 
the density of the earth, 170; torsion, 
used in determining tho density of tho 
earth, 105. 

Barometer, olianges of, affeotiug atmos¬ 
pheric refraction, 91; effect on height 
of the tides, 480. 

Barometric error of a clock nnd Its com¬ 
pensation, 52. 

Beginning of the day, 123; of the year, 

222 . 

Benzenburq, experiments on the devia¬ 
tion of falling bodies, 138. 

Bessel, the parallax of 01 Cygni, 809, Sll; 
formation of comets’ tails, 728; his 
"zones," 795. 

Bjela’s comet, 744-740. 

Blelidfl, the, 740, 780, 784, 780. 

Bielld meteorite, Mazapll, 784. 

Binary atom, 872-875; number known nt 
present, 872; their masses, 877, 878; 

their " mass-brightness,” #79; their 
orbits, 878-877. 

Bissextile year, explanation of term ,210. 

Black Drop, the, at a transit of Venus, 
081. 

Bode'b law, 488,4S9. 

Bolides, or detonating meteors, 708. 

Bolometer, the, of Langley, 843. 

Bond, Q. P., first photograph of a double 
star, 868, 

Bond, W. C., discovery of Hyperion, 043; 
of Sntnra's dusky ring, GST. 

Boyle, law' of, 300, note , 

Brahe, Tycho. See Tycho. 

Bredichin, his theory of comets 1 tails, 
731,732. 

Brightngps of comets, 699; of planets In 
various positions, Mercury, 551; Ve¬ 
nus, 563, 508; Mara, 579; Asteroids, 
536, 509; Jupiter, 010; Saturn, 032; 


Uranus, 647; Neptuno, 000; of mi olh 
jeet in tho tulosuopo, JW; of Hlionting 
stars, 773; of stars, cnilsos of tl»fi illf- 
foronce In this rospimt, 830; of Him h, 
its nioafliivomont, 823-831, 

c. 

Calendar, tho, 217-223. 

Callisto, the outer satellite of Jupiter, 
021,027. 

Calories of different magnitude, IKW, wm 1 

Candle power, Its mculmnleal wiulviilHLt, 
770; poworof sun light, 333, 335, 

Candle standard, 333, note.. 

Capture thoory of comets, 740. 

Cardinal points defined, 20. 

Oaulini, oarth's density, 108. 

Carrington, law of tho min’n ratal Imi, 
283, 284. 

CaSSKGRAINIAN tolOBCOpO, 48. 

Cassini, J. D., discovery of Lho dlvinlnn 
in Saturn's ring, 037; discovery ol 
fonr satolHtas of Balimi, 043. 

Catalogues of sLarn, 71)5. 

Cavendish, tho torsion halm me, 100. 

Celestial latltn<lo and longitude, 17H, 170; 
sphoro, conceptions of it, 4. 

0enis,Mt. r determination of lho ourlli's 
density, 108. 

Central force, motion under it, dOfMK); 
force, ita moasuro In cuso of olronlar 
motion, 411. 

Central suns, 807, 003. 

Centrifugal force of tho earth's rotation, 
154. 

Ceres, discovery of, 592. 

Chandler, 8. C., catalogue of vnvlfihln 
stars, 852, Appondlx, Table VI, 

Ohaugofl oil tho niotm’K Hurfuoo, 2(IH; hi 
the nohnlra, 892, 

Char ao ter la tics of dWTorent molmivto 
swarms, 783, 

Charts of tho stars, 798. 

Ohemloal olomontB recognized in oonuilH, 
724,725; elements rccogulzod ill Blur*, 
856; olomontfi rocognlzod in tho hiim, 
315-317, 

Ohromatlo aberration oT a lens, 8C. 

Chromosphere, the, 21)1, 322, 803, 

Chronograph, the, 50. 

Chronometer, tho, 54; longltudo by, 12i 
[A]. 

Oirole, tho meridian, 03. 

Oirolea of perpetual apparition and oc¬ 
cultatlon, 83, 

Oiroular motion, central forco In, 411. 

Clair aut’h equation conoornlntf the 
elllptlclty of tho oarth, 155. 
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Glaukk, Coii., dimensions of tho oarth, 
140 and Append ix. 

ClaHBifloatiou of stellar spectra, 857,858. 

Cv«mucic t Mihh A, M., her history of as- 
tronomy, Preface, 570,1 020, ?ioic, 723, 
746, 1)00. % t 

OiooltB, general rotnarka on, 00. 

Olook-breaka (electric), 57, 

Olock-errov, or correction, and rate, 53; 
or correction determined by transit 
liiHtrament, fill, 

Oluatorn of stars, 883-885. 

Uoihiia.’h dmnot, 730, 

Collimating eye-plcce, 07. 

Ooliimation of transit instrumont, GO. 

Collimator, tho, used with transit instru¬ 
ment, 00; of a apcetroscopo, 311. 

Collision theory of variable stars, 850. 

Oolora of stars in photometry, 830; of 
double stars, 807. 

Oolurea (leilnerl, 25. 

Comet, Hlula’H, 7*14; Donat!’a, 727,'730, 
7(17; Euako’a, 7J0, 743; great, of 1882, 
74H-752; Halley’s, 742; Whmcoko’s, 
711. 

Oomota, aeeoloratlon of ISuokc's and Win- 
liocko'H, 710, 711; brightness of, 090, 
723; capture theory of, 740; chemical 
elements in,724,725; constituent parts, 
713; contructionof lumd whon near tho 
mm, 715] danger from, 753, 754; den- 
ally of, 720; designation of, G97; di- 
uiohhIohs of, 7.14,717; ejection theory, 
7dl s fall upon earth or sun, probable 
oftuot, 754; groups of, with similar 
orbits, 705; their light, 721; thoir 
musses, 718, 719; and meteors, thoir 
commotion, 785-787; naluro of, 737; 
Uurir orbits, 700-709; origin of, 733- 
741; perihelia, distribution of, 703; 
physical eharacteristles, 712} plane¬ 
tary families of, 739; thoir spectra, 
724,729; superstitions regarding them* 
IHJ5; their tails or trains, 713,717, 728- 
7,'50; variations in brightness,723; vis¬ 
itors in tho solar system, 701). 
Comparison of starlight with sunlight, 
334,832. 

Compensation pendulums, 51. 
Compensation of pendulum for barome¬ 
tric changes, 52. 

Components of tho disturbing force, 445. 
Oo- ordinates, astronomical, 20. 

Common, A. A. # photographs of nohulro, 
893. 

Coition ( tho, 422, 423. 

Oounootion between comets and meteors, 
785-787. 


Constant of aberration, tho, 225; theso- 
lftr, 338-340. 

Constancy, secular, of tho mean distauces 
and periods of tho planets, 520. 

Constellationa, list of, 792; their origin, 
791, 

Contact observations, transit of Von us 
070-082. 

Contraction theory of solar heat, 350. 

Conversion of R. A. and Decl. to latitude 
and longitude, 180, 

Copernicus, his system, 503; "Triuin- 
plians,”809. 

Cornu, determination of the earths den¬ 
sity, 1GG; photometric observation of 
eclipses of Jupiter’s satellites, 030. 

Corona, tho solar, 291, 327-331, 364. 

Cosmogony, 905-917, 

Ootldal linos, 475. 

Craters on the moon, 235-267. 

Crew, 11,, spectroscopic observations of 
the sun’s rotation, 285, note. 

Crust of meteorites, 761. 

Curvature of comet’s tails, 729. 

Curvilinear motion the effect of force, 401* 

Cycle, the, mctoiiic., 218. 

Cyclones as proofs of tho earth’s rotation, 
143, 


D, 

Dalton, his law of gaseous mixtures, 360, 
note . 

Danger from comets, 753, 754. 

Darkening of the sun's limb. 337. 

Darwin, <x. H t . rigidity of the earth, 171 \ 
tidal evolution, 484, 916. 

Dawes, diameter of the spurious discs 
of stars, 43; nucleoli in sun spots, 293. 

Day, tho civil and tho astronomical, 117; 
effect of tidal friction upon its length, 
461; changes hi its length, 144; where 
it begins, 123. 

Declination defined, 23; parallels of, 23; 
determined with tho meridian circle. 


128. 

Degree of tho meridian, how measured, 
135, 147. ^ 

Deimps, tho outer satellite of Mars, 500, 


591. 

Dkmsias, method of determining the so¬ 
lar parallax, 082, 

Denning, drawings of Jupiter's red spot, 


618. A1 . 

Density of comets, 720; of the earth, de¬ 
terminations of it, 164-170; of the 
moon, 246; of A planet, hoW* deter- 
mined, 540; of the sun, 279. 

Detonating meteors, or " Bolides, 768, 
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Development of sun apota, 207. 

Ohurmsala. moteorite, ico-coated, 7G5, 

Diameter (apparent) as related to dis¬ 
tance, 6 ; of a planot, how measured, 
534. 

Differential method of determining a 
body's place, 120 ; method of dotor- 
ininlng stellar parallax, 811. 

Diffraction of an objeot-glnfw, 43 , 

Dlone, fourth satol]ito of Batumi 040, note. 

Dip of tho horizon, 81. 

Diflo, spurious, of stars In telescope, .40. 

Discovery of comets, 008. 

Dissipation of on orgy, 025, 

Dlstanoe of tho mopn, 230; of tho nobu- 
lte, 890; and parallax, relation bo- 
tween, 84; of a planet \u Astronomi¬ 
cal units, how determined, 515-518; of 
the stars, S08-815; of tho sun, 274, 
275, also Gimp. XVI. 

Distinctness of telescopic Jnmgo, it*) con¬ 
ditions, 89. 

Distribution of the nebulro, 805; of the 
stars, 890; of tho sun spots, 801. 

Disturbing iorco, the, 4&M44; forco, 
diagram of, 441; force, its .resolution 
Into components, 445. 

Diurnal aberration, 220 * * inequality of 
the tldos, 471 j parallax, 82, 80; phe¬ 
nomena in various latitudes, 101 , 

Divisions of astronomy, 2 . 

Doerpel proves that a conict moves in a 
parabola, 700. 

Donati’b comet, 727, 7 S 0 , 747 . 

Doppler's principle, 821, jiofo. 

Double stars, 880-^79; their colons, 807; 
criterion for distinguishing botwoon 
those optically and physically double, 
870; method of measuring thorn, 808; 
optically and physically doublo, 801); 
having orbital motion, boo Binarv 
Stars. * 

Draper, H„ oxygen in the sun, 810; pho¬ 
tograph of tho nebula in Orion, 898; 
photography of stellar spectra, 850; 
memorial, the, 850. 

Duration, future, of tho sun, 358; of sun 
spots, 300. 

3 . 

.Earth, the, her annual motion proved by 
aberration and stellar parallax, 174 j 
approximate dimensions, how meas¬ 
ured, 184,135; constitution of its in¬ 
terior, 171; its dimensions, Appendix 
and 145 j its dimensions determined ge¬ 
ode tfcally, 147-149; form of, from pen¬ 
dulum experiments, 152-155; growth 


of, by aoooaeion of molnorio ninth r, 
777; mnsH compared with Hint of Mi A 
sun, 278; its mass and dmiHity, Irt'.l- 
170; Us orbit, form of, doiovmliiKl, 
182; prhiolpul facta minting to H, Jill!; 
proofs of its rotation, 1:1S-MM. 
Earth-shino on tho moon, 254, 
Eooentriolty of tho earth’s orlilt., iLIhhiy- 
ured by fllpparolum, 18i; of riioonrlltV 
orhit, liow determined, lull; of lIn' 
earth's orbit, Hmdar Hmngo of* 1114; 
of an olllpso doflnod, 1H?1, 5m. 

Eolipses, duration of lunar, 37 :i; ilnm- 
tlon of solar, 585; number in u your, 
801-893; reonvronen of, tho Huron, (Sift; 
of Juidtor’n HutolllUiH, il27-fi:iOj of Him 
moon, 1170-4178; of tho huh, SlilMWM; 
total, of tlm mm, m showing tint aolur 
ntmonphoro and corona, Dili, iW:i. 
Eoliptio, tho, dofliicd, 175; obliquity of, 
170; limits, lunar, 874, 875; HiiiIim, pri. 
lar, 380. 

Effeotlvo tomporntura of Urn mm, 351. 
Ejection theory of comnln ami molfurM, 
741. 

Elbowed equatorial, tho, 7-1. 

Eleotrioal registration of observation**,50. 
Eleotro dynainio theory of gmvllnllon, 
002 . 

Elemonts, chemical, not truly ohunon* 
tnry, JllH; ohmnimi], roco^nlzml In 
comets, 724,725; dminioal, may* ill ft'* I 
in stars, 85(1; olmmleul, in 

sun, 310,(117; of a plmml’a orbit* WW > 
508. 

Elkin, stellar parallaxes, HUH, HI I, n\n 4 
and Appendix, Tallin IV. 

Ellipse do fined, 1H3 j described nn u 1*1 in|«' 
422, 423. 

Elliptic oomcls, limit number, 702; [Mr 
orbits, 703; recognition of, 7 U L 
Ellipticlty or ohliitnnoHS of a nliuno do* 
fined, 150. 

Elongation of moon or iilannLdoanoi I. 1 .f:wK 

Encoladufl,tho hainhuIH atolllloof Nuiuvn, 
(Pin* note. 

Enokr’h comet, 710, 743 , 

Enokh, his reduction of tho tninslH of 
Yornis, («rf. 

Energy, tho dissipation of, 025; ami work 
of solar radiation, m 
Enlargement, apparent, of hmllnn innr 
horizon, 4, nofn, HH, IKh 
Envelopes In tho linad of ancnimt, 713,727. 
Epoch of a plnnot’s orbit defined- fiOR, 
Epsilon Lyric, 053, 800, HH 2 , 

Equal, nltitudos, dotorm I nation of thno. 
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Equation, annual, of moon's motion, *188; 
of the centre, 189; of the equinoxes, 
of light, by menus of Jupiter’s 
NiibnllUcs, 628-630; of lime explained, 
201-20!; expressing tlie relation be¬ 
tween Urn light of different stollar 
magnitudes, 820. 

Equator, Mm e«U‘Htiul, 1(5. 

Equatorial mmole ration of tlio sun's ro¬ 
tation, 283-285; cmulo, Paris, 74; par¬ 
allax, 85; telescope, 72; telescope used 
In determine tho place of a heavenly 
In illy, 129. 

Equinoctial, the, see Equator, celestial; 

points, or equinoxes, 17. 

Equinoxes, the, equation of, 218; preces¬ 
sion of, 205-212. 

Kuatohtii knks, his measure, of the earth, 

Mill. 

Er Dating eye-piece for tolosoope, 15. 
Kiihjhson, his solar engine, 345; experi¬ 
ment upon radiation of molten iron, 
ftfifl. 

Eruptive prominences, 325. 

Eaoapomont of clodt, 50, 

EntabliBlunent of a port (harbor) de¬ 
ll ned, 4(53. 

Europa, tlm second satoilito of Jupiter,621. 
Evootioil, llm, 456. 

Evolution, Miial, 481, Dl(E 
Eye pieces, telescopic, 44. 

Extinctions, the method of, in photome¬ 
try, 825. 

I*\ 

Faoulro, solnv, 202, 

rail of u planet to the sun, timo required, 

■113, »; of n comet on the aim, proba¬ 
ble effect, 754. 

Falling hollies, eastward deviation, 138. 
Familios (planetary) of comets, 732. 

Kayh, II. A.i his modification of tho neb- 
idar hypothesis, 915; theory of sun 
Hpois, 391. 

Flattening, apparent, of the celestial 
sphere, 4, note. 

Force, evidenced not by motion, but by 
vhunifi i of motion, 400; projectile, 
term carelessly used,401; contral, mo¬ 
tion under it, 400-110; repulsive, action 
on comets, 728-733. 

Form of tlio oarlh, 145-155, 

Formation of comets' tails, 728, 

Foucault, tho gyroscope, allowing cartli & 
rotation, 142j his pendulum experi¬ 
ment, showing earth’s rotation, 139- 
141; mcasuros volocity of light, 800, 
Fourteen hundred and seventy-four lino 
of tho spectrum of tho corona, 320. 


Fuauxhofeu lines in tho solar spectrum. 
315,855; observations on stellar spec¬ 
tra, 855. 

Free wave, velocity of, 473. 

Frequency, relative, of solar and lunar 
eclipses, 391. 

G. 

Galaxy, tlio, 898. 

Galileo, discovery of Jupiter’s sut 
ollitcs, 821; discovery of Saturn’s 
rings, (537; discovery of phases of 
Venus, 567; use of pendulum in time, 
lceoping, 50. 

Gallic, optical discovery of Neptune, 
054. 

Ganymede, the third satellite of Jupiter, 
(521. 

Gas contracting by loss of heat, Lane’s 
law, 357. 

Gauss, computes tho orbit of Ceres, 59*2; 
determination of the elements of an 
orbit, 519; peculiar form of achroma¬ 
tic object-glass, 41. 

Gay Lussac, law of gaseous expansion, 
360, nolo,. 

Geocentric latitude, 15(5; place of a 
heavenly body, 511. 

Geodetic determination of the earth's 
dimensions, 147, 149. 

Genesis of the solar system, 903-915; of 
star clusters and nebulm, 9*24, 
Georgium Sidus, the original name for 
Uranus, (445. 

Gill, solar parallax from observations 
of Mars, G7G; stellar parallaxes, 808. 
Appendix, Table IV, 

Globe, celestial, rectification of, 33, nofe. 
Gnomon, determination of latitude with 
it, 107; determination of the obliquity 
of tho ecliptic, 176. 

Golden number, the, 218. 

Gradual changes in the light of the stars, 
839. 

Graduation errors of a circle, 69. 

Grating diffraction, 311, nofe. 
Gravitation, electro-dynamic, theory of, 
G02; law stated, 101; nature unknown, 
161; law extending to the stars, 372, 
note, 873, 901, note; Newton’s verifi¬ 
cation of tho law by means of the 
moon's motion, 419, 420. 

Gravitational astronomy defined, 2; 
methods of determining the solar par¬ 
allax, 087-689. 

Gravity, increase of, below the eartn s 
surface, 169; variation of, between 
equator and pole, 152. 
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Orkooiuan calendar, the, mid its rulop- 
tion in England, 220,22J; to]i!sc<»|io, 48. 

Groups, comoiary, 705; of stars having 
common motion, 803, 

Growth of the onrtli by motnorlc mtiUur, 
777, 

GyTOsoope, Foncnult’s proof of onrlh's 
I'otfl.tlon, 142; illustrating ilio.prunm- 
slon of tho oquInoxoHj 210, 211, 

H, 

Halt,, A., (Uscovory of tho satellites of 
Mars, 51)0; on Iho ([ucsllon whether li, 
1 a certain that gravitation oxleuds 
through tho aloilar universe, ill) l, no (r, 

Hat,ley, Ills comet, 7*12; his emnputathm 
of comotary orbits, 700; his method 
of determining the sun's parallax, 07D, 
680; tho moon’s Hcculnr imuolumllon, 
450; proper motions of slnrs, HflO. 

Hansen, correction of tlio solar pnrullnx,. 
667 ; opinion on tlio form of thomomi, 
258. 

Hardino di«covors Juno, 51)6, 

Harkness, observations on tho light of 
indoors, 776; observation or llm tmr- 
ona Bpoctmm, 821), 

Harmonics law, Kepler’s, 412-417. 

Harton colliery, domdtyol tho earth, till). 

Harvard photometry, tho, 82T, 82K, 

Harvest ami himtor's moons explained, 
267. 

Heat and light of motonrHoxplahmd, 7(15; 
of the moon, 200; of tho sun, UW-lIrtH; 
rocolved by the earth from inotuors, 
8G6', 776; from tho stars, 834. 

Height of lunar mountains, 270. 

Heis, enumeration of naked-eyostars, 81H. 

Heliocentric) plaoo of a planet, 512. 

Heliometer, tho, 077, nsod hi dolormln- 
Ing solar parallax, 076, (JH3j maul In 
dotormtnlng stellar parallax, 81J, H15. 

HelloBOopoB, or solar oyo-plcoos, 286, 2H7, 

Helium, an unidentified metal In Uio so¬ 
lar obromosphoro, 323. 

Hklmuoltz, contraction theory of solar 
heat, BOO, 

Hhnckm, dlaeovors Astrroa, tho fifth aste¬ 
roid, tm. 

Hkndhrbon, measures tlio parallax »f 
a Centaurl, 800, 810. 

Henry Hrotuehh, astronomical pho¬ 
tography, 708. 

Henry, Prof. J., lioat of sun spots, 610; 
at sun ’s limb, .848, 

Hersojthl, Sir John, astrometry, HID; 
illustration Qf tho planotary system, 


11 KUMt'iiKi.,Si ii W., discovery of llm sini'n 
inu1.liin In space, HIM; discovery of 1 \v<> 
Hiilolllles of Hiiioni, 1113; discovery itl 
Uranus, 1116; discovery of two eulol™ 
llles of 11rniins, 0511; sinr-gauges, Hliii; 
Umory of Mini spoilt, 3D3; his reMcel* 
lug Icleseope, 4H. 

ILkvktiIuh, his vlmv of nmiolnry orhlln, 
700 . 

11 iri'AuciiiiH| dhu'ovoi'H creciilrielty of 
ourMi's orhlt, I HI; discovers proeessloii., 
,205; his value of Mm solar parallax. 
071; Mm Oral slarciUidogno, 703. 

IloiiUKN, l 1 !, S., on, eluniges In imlrnln 1 , 
H0*J. 

Horizon, uppuroiil, enlargement of Imilliet 
near It, 4, mdc, 88, 03; url lllrlal, VHj 
rallorml mid uppui’eiit dellried. 16; 
<Hp or, 81; visible, dHlned, 11. 

Horizontal puvallux, 83, HI; point of llm 
meridian rlndo, 67. 

Hour anglo <InIInml, 21, 

Hour oirolo delluod, ]H, 

UimuiNM, W.,nl.lomplH to photograph llm 
solar corona wil limit mi cellpsc, IH!H; 
atlempled ohsomiHoii of sleliui 1 lmnl, 
HIM; nlisemUloiis of slolllir spoolni. 
H56; photography of stellar apoehu. 
H50; spectroscopic olisnmiMons of ’I’ 
nomine, HI I ; alur-motlons in linn nf 
sight, 602, 

Uimnnurr, A, yon, rliiMslilnilInn nf ilio 
pin lint 510. 

Hunt, Stkuky, nirbonle until brought to 
earlh by cornels, 735. 

I III yumknh, discovery of HuUiru's rings. 
637; discovery nf Nahivu's satellite, 
Titan, 1113; luvniiMoti of llm pendulum 
cluck, 50; Ills long (elesenpe, 'Ml. 

Hydrogon In Mm noIuv chromosphere me l 
prom In omms, 3211-325; bright lines nf 
IIh aphid rum In Mm nebulm,8lH); bl ight 
lines of Its Hpeclruiii in Leiupumry 
slurs,KM ; hrlgliL lines of lis NpecMMin 
In variable amrs, H57, . 

HytJorbola, llm, ilemmllmrl us a ennle. 
422. 

HyporboHo emimis, 702. 

Hyperion, llm sevenlliiuul Iasi (llsrovei'nl 
sutelllie of Hutuvii, 613, {\\ \, 

Hypothoala, uelmhii 1 . Hun Nobular by. 
jMitlmsIs. 

I. 

Iapotus, tlio outermost Halelllle of Hur^ 
urn, 613, 

hiN ilnUNis, use nf pundulmn In observa¬ 
tion, 50. 
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Ico, run oil nt mulled by solar radiation, i 

uw-w, am* 

Illumination of llio moon’s disc dining 
a luiuu ccllpso, 37(5 

Imago, tolehooplc, conditions of distinct- 
miss, tt> 

Inequality, diurnal, ol tho tides, 471 
InforoncoB dodiulblo from Kepler’s laws, 

II w 

Inferior pluirot, motion of, 497 
Infinity vntoolty fiom, 429 
Infiuonces of llio moon on tbo caitlr, 262 
Intra-Wtorourial planets, 602-601), plan- 
i is, supposed observations of, during 
solm col Ipso, (i0f) 

Intoiior of llm oftitli, its constitution, 
17 i 

Invariable piano of tbo aolai system, 531 
Invai lability of tbo esuth’siotatiomlH 
lo, tluj III st satellites of Jupltoi, 621 
Iron moiouiltoH, 768 , In tbo sun, 315 
Irradiation in initio motile measures, 
25(1, fi.U 

jr. 

Janhhfn, discovory of the spectroscopic 
innlhod of observing tho sobu pioml- 
uoincH, '125, holm photography, 2S9 
Jotfl Issuing fiom tbo nucleus of a comet, 
ft 1,727, 

JonrA, olwoivations of tho earth's den¬ 
sity, 170 

Julian c riUmdiu, 2W 
Juno, iHhoovoicm! by Harding, 603 
Jupiter, the planet, bOlHHU, lightness 
an noon fitfmr « Coutaiui, 381 1 a semi- 
HUU, Oltb 

K 

Kan i, piopoaos tho nobulai hypothesis, 
DOR 

Kfi TjFHj his boljof ns to cometnry oibits, 
700, his tlnoo liwvs of planetary mo- 
lion,'112-118, bis " problem,’ 1 188, Ids 
n logulm solid '* theory of tho planet- 
tuy distances, B c >2, note 
Kmoinimof, bis fundamental piinoipics 
of Hpoarum analysis, 311 


I ANonicY, S. l\ t liW I3olomotor, 343, tho 
coloi ct UIOBHII, 337 1 observations on 

I un av boat. 2M, 261 , on soldi heat, S18, 
huh spot clidivings, 292, beat in sun 
HnotfJ, 299 

LANK’fl law, rise of tomperatiuo conse 
quont on tbo contraction of a gaseous 
mass, 357. 


La Place, bis equations i elating to the 
eccentricities and inclinations of tho 
planetaiy oibits, 632, explanation of 
tho moon’s seculai acceleration, 459, 
4G0, tlio invauable plane of tbo solar 
system, 631, the nebular hypothesis, 
901-911 

Lassfll, discovery of tho two inner sat¬ 
ellites of Uranus, 650, independent 
discovery of Hyperion, 641 

latitude (astronomical) of a place on tho 
oaith s surface, 30,100, lib, astronom¬ 
ical, geodetic, and geocentric, dis 
tingnished, 156, determination of, 
methods used 101-107, nt sea, rtsde 
termination, 103, possible \ aviations 
of It, 103, station on or s, 158, celes¬ 
tial, defined, 178, 179, and longitude 
(celestial), conveision into a and 5, 
180 

Law of angular velocity nndci central 
foice, 403, Botlo’s, 488,489, of Boyle 
oi Mariotto, density of a gas, 360, nob’, 
of Dalton, mixture of gases, 360, note , 
of earth’s orbital motion, 186 t 187, of 
equal areas 186, 402-406, 412, of Gay 
Lussac, gaseous expansion, 360, «o(c, 
of giavitatlon, 161, 162, 419, 872, 
Lane’s, of temper atuie in gaseous con¬ 
traction, 357, of linear velocity in 
angular motion, 407 

Laws of Kepler, 412-418, motion under a 
central force, 400-411 
Leap year, rule for, 220 
Length, of the day, possible changes in it, 
144, of the year, its in variability, 526, 
778 

Leonids, the, 780, 786 

Ll'SO ARB AULT, supposed dlSCOlCry of 

Vulcan (503 

Level adjustment of tho transit instru¬ 
ment, 60 

I everrifr, discoiery of Neptune, 651, 
G54, on an intia Mercurial planet, 603, 
motion of tho perihelion of Mercury’s 
orbit, 602, method of determining tho 
solai parallax by planetary perturba¬ 
tions, 689 

Lexell’s comet, approach to JupHer, 
718, recognition of Urauus as a 
planet, 645 

Librations of the moon, 249, 250, 2ol 
Light of comets, 722, of tho moon, 2o0, 
emitted by certain stars, 835, received 
by the earth from certain stars, 83-, 
of tho sun, 332-337, total, of the stars, 
833, equation of, fiom Jupiter s satel¬ 
lites, 628-630, mechanical equivalent 
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of, Thomsen, 778*. timo occupied hy, 
In coming from the hiUi> 1275,020) ve¬ 
locity of, 12125, note, 008,000. 

Light-curves of variable stars, 818. 

Light-gatlioring power of ioloHCOpcs, !1B. 

Light-ratio, llio, In ncalu of HUir-iniigiii* 
lades, HIP. 

Light-yoar, the, tlm unit of stellar ills- 
tnnun, 814. 

Limb of the sun, ilurkoulug of, 887; of 
tho huh, diminution of limit, 848, 

Limiting apertures In stellar photometry, 
825, 

Linear and nujmhir dimensions, limit ro- 
hvtlon, 5; velocity under com vail force. 
Us law, 407,10n. 

Linnd, lunar orator supposed to have 
oh an god, 200, 

liTHTiNU, dimensions of the earth, 140. 

Local un<l standard time, 1*2*2, 

Isickymu, J. N ( , dlniiovury of llm spec¬ 
troscopic method of observing lho 
solar prominences, 020 ; his " collision 
theory ” of variable stars, 8(H); views 
ns to the com jkhi ml imluro of tlm ho- 
willed chemical 11 elements/’ 81H; 
origin of the hVannhofm' lines, 820; 
theory of sen spots, ,TO; meteoric 
theory of iiobuhu, 81U; motnorlo hy¬ 
pothesis, I rid, 

Lokwy, pooullar method of determining 
tho rofraolfmi, 05. 

Longitude, ares of, Ln determine llie 
earth's dimensions, 151; (terrestrial), 
determination of, 11H-121; (celestial), 
178-18(1; of perihelion, TO, 5011. 

Luminosity of IhuIIch at low tempera¬ 
tures, 757, juj/ff. 

Lunar distances, 120, II; eclipses, 870- 
078; Infhumcos on the uartli, 202; 
methods of determining tho longitude, 
120; porhirlmtlmiH, 448-101; perturba¬ 
tions iiHOil to determine the solar par¬ 
allax, (187. 

Lyrra, a, see Vega; fl, variable star, 817; 
«» quadruple star, (158, 800, H82. 

HI, 

MXdjjKH. h peculations as to u oontral 
sun, 807, UOH. 

Magnifying powor of n telescope, :I7; 
power, highest available, 48. 

Magnitudes of stars, 8K1-HM* 

Magnitude of smnlicflb star visible ln a 
given telescope, 8*22. 

MagnoBium In tho nobulm, 800, 8U4. 

Maintenance of the solar boat, G58-8fid. 


Mars, llm planet,, 578-fHU; observed Inr 
Holar parallax, 070-077. 

"M AmCKfjVNi'i, his mountain mothml of 
determining Urn earth's density, 101, 
Maes and weight, distinction between 
them, mil, 100; of coniolH, 718, 7IO; 
of the earth compared with lint huh, 
278; of the earth In terms of the 
mm ns determining the solar parallax, 

(M); of Urn ... Us dolerinhuillon, 

218; of a planet,, ho W determined ,520* 
TO; of (ho min, compared with llm 
earth,278; prohuhlo, of Hhootlugstars, 
770. 

MnsH-brlghtnoafl of binary stars, 8711, 
MttBBoa of binary alarm H77, 878. 

Ma.ykk, H., iiiet eorln theory of tho imlmr 
boat , 858. 

Maxwku,, ih.wnic, nmlunrlo theory of 
Hal,urn's rings, (HI, 

Mumpll, the meteorite of, 781, 
Moohauioal equivalent of light, 77<h 
Moroury, the planet, 551-/102. 

Mercury's orhlt, mot ion of Its perihelion, 

002 . 

Moridian, the celestial, defined, 111; arc 
of, Imw measured, M7. 

MorhUan-rdrolo, Llm, 08; used to deim« 
mine the plneo of a lioavenly body* 
128, 

Meridian photometer, the, 828, 
Motooround shooting HlarH,75tt-787; nslies 
of, 775; and comets. Iliolr cimnoolhni, 
785 -787; dally nuiulmrof,771 j dolomite 
big, 788; effect on Urn earth's orbital 
motion, 778; eO'cct u^mTIi llm moon's 
motion, 77 m; effect upon tlm Ivans- 
purouey of apace, 770; nxplmmlioii 
or their light ami heat, 705; heat 
from them, :15ft, 770; magnitude of, 
70*2; innlhod of observing them, 701; 
tliolr Iriilntij Ttllf. 

Motoorio growth of the earth, 777; show¬ 
ers, 7KO-78I1; shower of the JUdlihi, 
1872,18811,740; shoWeY of the Jarimhl^ 
18/18,1800-07, 781 j swurnm and rings, 
788; swarms, special eliunielorlmlrH, 
7811; theory or HuIuNi'h rings, Oil; 
theory of the hiui’h heat, IWI-TO; 
theory of Him spots, TO, 

Meteorites, or uramdltliH, or aerolites. 
755-7(18; chemical olntuontH In them. 
TO; mmt, 701; bill of, 750; wlih-h 
lmyo fallen. In tlm United Mates, 758, 
iron, list of, 758; immimr of, 701J; (por¬ 
tion Of their origin, 787; ihetr paths. 

m 

Motonio cycle, tho, 2i8 t 
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Mu m i,son, dotoanihuuUm oC jho vcloc- I 
Uy of %|it, aun, nou , (><50 

'Wlioioiuotor, Ilia JlJm, 7 >, $u, MX 
Microacopo, tlio lending, bl 
Midnight huh, ! 1 ?o, J91, 

Milky Way, 01 t*f\)axy k 8*W 
Mlman, tho itmujinostsatollUt of batum, 
Ml and not<* 

Minot plumbs, 01 ashuoids, 692-601 
Mtxn, Omit ion Uel 1,816 
Miflfllng fUnn, 8-10 
Mohammedan < uhmdiu, 217 
Mum it, tlio mu svh lightness of hiniuy 
Hf(11H, «79 

Manooontrio eyc-plcoo (m telescope, 45 
Moon, Ihn, 227-*272, hei iitmosphoLO,®- 
llie, ni^rtuliid ns a clock, 120 , 
iUhUuuh of* etc, 210, hoi heat and 
loiniimnti(ie» 200, 201, hoi light as 
uunimtid ullh sunlight, 259, influ- 
omoH on U10 onith* 202, mass of, dc- 
(etmined, 210, 'M, hoi motion (np 
patent), 22H, hot motion lolatlvo to 
Uui huh, 211, U01 mountains, monsme- 
mnuL of lht*!i elevation, 270, hoi mbit 
with mfmtmco to the earth, 238, hoi 
piunlhix datetmined, 280, poituiba- 
Umw* 418-4.01 * hoi ioUitlon and hbia- 
lm phases, 253, hci 
funftu'O olmiailor, 2(>k270, culmina- 
tttms fm ltmtrfludo, 120, A 
Month, the anomalistic, 197, noie t tlio 
nndhntl, M7, note* tho sideioal, 229, 
212, Llie synodic, 229, 222, length of, 
lunuuuuul t»v poi tmhatlon, 453, slight¬ 
ly slimtunoil by the seouUu accolma 
lion, m 

Motion* dheofc and lotiogiadc, of tho 
planets, 4iU t of tho solar system in 
ftwwo, HCVL-807, ii\ Una of sight* effect 
on spectrum * 321, ofstais in lino of 
night, spectroscopically observed, 802 
Moth one, piopoi, of tlio stats, 800-803 
Mountains, luniu►their height, 270 
Mountain method of detoimining the 
on 1 til's density, 104. 

MuHVplo slats, 882 
Mu*al oliolo, the, 70. 


N. 

NadiV, tho, downed, 0, point of meridian 
ihclo, 07. . 

Names of the constellations, 792, of Jnp* 
(tor's Katoimos, 021, ot satellites oi 
Mftvs, 600, ot the planets, 487 , 469, 
ot Hattua'e satolUtes,043, note; ot tlio 
e&lollltos of Utamis.ORO, ot stats, 794, 


Neap tido defined, 4f>3 
Nebula, the gieat, in Andromeda, 880, 
tho anmihi, in lyia, 888, of Orion, 
the, 880, 892, 893 

Nebulaa, tho, 880-897, changes in, 892, 
tiieii (listaiiuo,890, Lockyer’snieteonc 
theory, 891, theii natiue, 894, their 
limiiboi and distiibution, 895, photo- 
giaphs of, 893, phinct.uy, 8S9, spa si, 
888, then spectia, and chemical cits 
meats in them, 890,891 
Nebular hypothesis, tho, 908-915, modi¬ 
fications of the oiiginal theory, 9J2 ( 
OH 

Negative eye pieces foi the telescope, 44, 
shadow of tlio moon, 381, stni magni¬ 
tudes, 831 

Neptune, tlio planet,053^001, anomalous 
iotiogiado lotation, m illation to the 
nebulai hypothesis, 914, appearanco 
of sun and solai system from it, 058, 
(actual) dkcovoi y by Gallo, G54, theo 
lotical discoveiy by Leveirfer and 
Adams, 653, 054, Us discovery "no 
act blent,” 055, tho computed elements 
oiionoous.GSB, its satellite, GG1, spee- 
tiurn of, OoO 

Nru i omb, S , conclusions as to suns age 
and dui ation,35b,359 j obsenations on 
meteois, 770, on the moon's secular 
accoloiation, 461, on the stuicturo ol 
tho heavens, 900, his value of the so- 
lai parallax, 667, velocity of light, 
226, note, 068, 690 

Ni wton, Prof H A , daily number of 
meteors, 771, investigation of meteoric 
mbits, 767, 785, thorny of tho consti¬ 
tution of a comet, 737 
Namiov, Sin 18 vac, discovery oi gravi¬ 
tation, 161, 419, wiflcatlon of the 
idea of jgiaUtation by means of the 
moon’s motion, 419, 420, discouiy 
that planetary orbits must be conics, 
421 f computation of a cometary orbit, 
700, his l effecting telescope, 48 
Nitrogen, suspected in tho nebulie, 890 
Node of an orbit defined, 233, 606 
Nodes of moon’s orbit, their regression, 
455, of the planetary orbits, their mo¬ 
tion 627 

Nodical month, tho, 2*19, 397, note, 
Noudjsnskiold, moteoilc ashes, 776 
Nucleus of a comet, 713, 716 
Number of eclipses in a year, 391, in ft 
snros, 398, of meteors and meteorites, 
769, 769, 771, and designation of van 
able stats, 862 _ 

Nutation of the earth^ axis* 214» 216. 
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O. 

Obororij thu outer snudlUo of IJrmuiH, UW). 

Objoot'fflasB,aohroiuatlo>'ll; rortliliutl or 
HOimmlury upmdrum of, d‘2; dimlgimd 
lot photography, t!2. 

OblatonoBfl.ornillpUdlyoru aplmrold. JfiO, 

Oblique Hjthoro, Dm, 83. 

Obliquity of Mio odlptlo ilolhmd mill 
measured, 1711; oC Uio odlpl In, nemilur 
dmiiRo of, 107. 

Oooultation, ulrnta of perpetual, 33; of 
stara, TO; of Hturmituul for longitude 
(lutormlnatloil, 1200; of Mars proving 
nhsoncso of lunar nlmosplmro, 2nd, 

Oi-UKiia, discovers Pul Inn and Yosla, W13. 

Olmhtkt); 1),, blH roHourulum on mnUmi'M, 
78fi, 

OrrniiZMH, offcot of meteors on llm 
mocm*H motion, 778; nrblL of Tompol’n 
Comet, 780^ motion of 'Wlimoolcu’a 
Comet, 711, n«/c. 

Orbit of the earth, Uh form dolorntlimd, 
182; nT tho carili, effect of nmloors 
upon It, 778; of llm curtli, jHirlurbu- 
tlons, li>7; of Dm moon, 288; or Mm 
moon, itsporUirlnillmiH, tdb-KU; of a 
planet, determined graphically, 

■Ml,182; planetary, Uh tdeimmU, WJfi- 
MO; planolury, Uh olonmillH, determi¬ 
nation or, mo. 

Orbits of binary slurs, 873; of emnidu, 
700-7011; of phuiolH, diagram, 48U; or 
Him ami stnrfitu ihoHlollur system, Wl. 

Origin of comets, 788-711; of nioLenrllos 
or norolltoH, 707. 

Orthogonal component of Mm disturbing 
force, d45, 450. 

i\ 

Pallas, (llflcovonal by Olhorw, fll)3, 

Patjha, (Umtovoror of hlxty-flvo uHtomldH. 

rm. 

Parabola, tho, described iih a i-(mlo, <122. 
428. 

Parabolio comets, thnlr numbur, 702; ve¬ 
locity, tbo, 420. 

Parallax (diurnal), doll nod and dlHoimsed, 
82, 83; of tho inoim, determined, 230; 
of tbo nun, oIuhhIIIojiLIoii of iiioIIkhIk, 
™> of tboHun,gmvUnUoiml methods, 
087—<JWj of tho sun, IifHluvy of Inves¬ 
tigations, WIIMJ38; of t)m huh, method 
of ArisfarohiiH, (170; of tbo Mm, molh- 
od of Illpparclnifl, 071; of tbo mn by 

observations on MarH, 1173,117(1 j of tho 
sun by transits of VnnuH, (178, (Wfij of 
tbo aim by tbo velocity of light, fit)0- 
002; of tho sun, PtoloinyTi value* 


<171; of Mm ntnrs (mimud), kiuuhm ; of 
« (limlaiivl, llciidorium, TO, HU); f 
01 (lygnl, JlOMHi'l, HOlldtll; of u l,ym. ( 
lmgalivo, pond, 800; stellar, ulumlmo 
nudboil.KlO; hhd1uv,dllfori'iillnl hnub 
ml, 811; Hlnllur, tiihln nf, Ap|M a ml|%, 
TnblulV. 

Parallaotlo limipmlUy of Mm moon ibr; ? 
orbit of n hI nr, 80s, 

Parallol sphere, Dm, 32. 

rarallola of doellnullnii, 23. 

Piuunrj, Jb, 1m:il from inelcmfi, 3'in; mi 
Urn inirn of enmols, 710; theory *d 
HUM H|inlii, Will. 

Pondulum, i'liinjn'iiHul 1^m, 01; mm hi 
dorks, fit); Used In diiloimliiitlj; fmin 
of llniciirlli, 182 408; free,of PouejinlM 
showing I’lirlh's hPluHnh, 13tl 111. 

PoHUmbra of Min ourllpn nlimlow, Wm, 
of 11 hi iiiooh'h slmdow, 383; of u mm 
spot, win. 

Porlgoo iiml ilpogim ilollnnl, 233. 

Poriholiii of omimls, llodr didMI iuMmu, 
7<Hl. 

TorlhoPon of ourlh'o mbit didlm d, is.*. 
llH niolIon, 11M; of Miu'i'iuy'ii orbit, if . 
mot Ion ,110*2. 

Porlotl, idiloi'i'ivl mid oynmllo, of I Im in.. 

220-232; nldmrnl mid syundlo, i*f n 
pliliml, ilolhmd, PHI; hdi’ival, of it 
plmml, didoriubmd, Mil, Aid. 

Porlodla ooiimhi, 703, 701, 7:LS-7«tn; uhb' 
of i)cmlitl>i of short period, Apimudit. 
Tulilu 1(1. 

Poriodloity of mill spidn, IloMiop, 

Poruol, /J, or AIgol, tilth 

Poi'aoliln, Mm. nudiMiiIn nwmjn, 7wi p 
783, 

Poraonal (■(pnulon, I l l, 1211 a, 121 lb 

Porturbalionn. Imnu 1 , >1 IS Idl; pi.. . y. 

WlbWM; of Alum mill Vnaim by ilo 
onrlb uh doiimnlnlng Mm mui'h |i.o. 
ulliix, IW0. 

l’KTKUH, IS, 11, b\, dlneoVom Jlflypoi 
imUmddH, no3, 

1’iAz/r, dlmmvory of (‘oroH, Bp;!. 

bioAim, mitimimiof ourlli'Hdlainoh’i', b^ 

PioKHuiSd, l 1 !, ('., bln iimildluu jdiolom, 

lor, H2H; photo|(nipliy of nUdjnr 
lru,8(H), 832; ptmhiinolrlu nbiiorvul|oo : > 
oj tho oi'llpsoH of .TiipUnr'a untidilii 
8>K>{ Mm Harvard photon miry, 827. 

Phosoa of Mormiry, Vimiin, find Mo nr, 
WiO, W17, A82; 0 / Mio jimon, PA.'I. 

Phobos r llm Inimr snlolllto of Mure, rap. 

Photographs of Him ninmi, 272; of il<*. 
nolnilin, 8113; of llm solar onrnnii, 
of tbo uuiPh hiirfano mid HjHifH, 2Hih 
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Photographic oliJcct-gliwsuH, d>; obsor- 
vatioiih of eclipses of Jupiter's flntel- 
lilnn, (1W, and note; observations of 
I raiiiH L U cif Venus, (184-686. 

Photography m a means o£ photometry, 
HISl); Kolur, 289; spectroscopic, motion 
111 lino uC sight, 802; applied to star- 
el itirlhijjc, 708; In dotormination of stel¬ 
lar parallax, 812j of stollar spectra, 
KNI-WISl. 

Hiotomotor, tho meridian, 828; polarim- 
Him, 827; the wedgo, 820. 

rhotomotry, Harvard, tho, 827,828; hy 
Minima of photography, 828; by tho 
HpiMtttwimpo, 881; of sunlight, 832- 
335; atolliiv, 82rK8!U, 

Photo up ho ro of tho sun, its naturo, 291, 
•J'.W, ;mi, 

Photo-fcaoliymotrloal determination of 
Urn Kim's parallax, 690-692, 

Physical cluvruclortslios of comets, 712; 
imtLhnil nf determining sun’s parallax, 

Planet, Jnl.ru-Murourlul, 602-606; trans- 
Nnptmilini, 662. 

Planottt nttimtllng certain stars, 880 , 881; 
itlntamuiH and periods, 4811; ouuinor- 
tiloil, dHil, '1H7; rolntlvo age, according 
in tmlmlur hypothesis, 018,015; orbits, 
diagram of, 489; orbits, olomonts of, 

r>M, mo. 

Plano told. Hen Asteroid, 501, 

Planetary data, tables of, Appendix, 
Tallin I.; data, accuracy of, 663; nob- 
ultu, 888; system, facts suggesting tlio 
Mint try or Us origin, 907 ; system, Sir 
J, Humdiel’s illustration of its dimeu- 


PrecesBion of tho equinoxes, 205-212, 

Prims vertical dofined, 19; vortical in¬ 
strument, 02,106. 

Priming and lagging of the tides, 470. 

Pritchard, Piiof, C., determination of 
stellar parallax by means of photog¬ 
raphy, 812; stellar photometry, 828; 
Uranomotvia Oxonlcnsis, 828. 

Pritchett, 0, AV., discovery of tho great 
red spot on Jupiter, 618. 

Problem of three bodies, 437-401; of two 
bodios, 424-438, 

Problems illustrating Kepler's third law, 
413. 

Proctor, It. A., on tho origin of comets, 
741; determination of tho rotation 
period of Mars, 584, 

Projectiles, deviation caused by earth’s 
rotation, 143; their path near tho earth, 
435, 

Projectile force, careless use of the term, 

401. 

Prominences, or protuberances, tho so¬ 
lar, 291, 323-325, 363; quiescent and 
eruptive, 325, 326. 

Proper motions of the stars, 800, 803. 

Proximity of a star, indications of it, 813, 

Ptolemaio systom, the, 500, 502. 

Ptoijcmy, Ins almagest, 500,700,795. 

Pyrhelioineter of Pouillet, 340. 

a- 

Quantity of tho solar radiation in calo¬ 
rics, 388-340; of sunlight in candle 
power, 332, 333. 

Quiescent prominences, 325. 


kIoiih, CifVl. 

Pleiad ob, the, 884. 

PuusiW, his nbHoiuto ecalo of stnr-magni- 

tinle*, 810. 

polo of lItti earth, 28; (celestial), defined, 
14; its nUtliuto equal to tho latitude, 
;W>, 100; lta placo nffootod by prcccs- 
rtScm, 200, 207. 

Polo-Htar, uuoiout, a Draconls, 207; its 
piiKllkm and recognition,'^ 5 * 

Polar dlKliuujo, defined^; point of me¬ 


ridian divide, (10. 

Poalblon-angle of a doublo star, 868. 
Position of » hoavonly body, bow cletov 
mined, 128, 120. 

Poaltlvo oyn*pliwoa for telescopes, Ad. 
Toirir.r.K i,’, bln pyrholtomotor, 5VX0. 
Powor, iimgnlfylos. of telescope, 37. 
PoYNTtno, detorruination of tlio earths 
donalty, 170. 

Praot-loal astronomy defined, 2. 


xx. 

Radial compound of the disturbing force, 
446. 

Radian, the, defined as angular unit, 5, 
note. 

Radiant, the, iu meteoric showers, 780. 

Radius of curvature of a meridian, 149. 

Halyard, peculiar theory of the repul¬ 
sive force operative iu comets' tails. 
733. 

Rate of a clock defined, 53. 

Reading microscope, the, 64. 

Recognition of elliptic comets, difficul¬ 
ties, 704. 

Red spot of Jupiter, the, 618, 

Reduction of moan star places to appar¬ 
ent and vice versa , 797. 

Reflecting telescope, various forms, 47,4«; 
telescopes, largo Instruments, 48. 
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Refraction, ntmosphorlc, Its law, 89, 00; 
determination of Us amount, 94,95; 
effect of temperature and barometric 
pressure, 91; effect upon form am! bUo 
of discs of sun and moon near the hori¬ 
zon, 98; effect upon time of sunrise 
and sunset, 02. 

Refracting telescope (simple), 311; tele¬ 
scope, achromatic, 41. 

Kefraotora and reflectors compared, 40. 

ItKieii, determination of tho density of 
flje earth, lOfi; experiments upon fall¬ 
ing bodies, 188. 

Relative motion, law of,492; sizes uf tho 
planets, diagram, 550. 

Repulsive force acting on comets. 728, 
781, 782, 781, 


Retardation of earth’s rotation by tho 
tides, 401, 483. 

Reticle used lu telescope lor pointing, 40. 

Retrograde revolution of tho satellites 
of Uranus and Neptune, 852, Ml, 914. 

Reversing* layer of tho solar atmosphere, 
21H, 319, 320, 3(i2. 

Reversal of tho spectrum, 814. 

Rhea, tho fifth satolllto of Saturn, 843 
note. 

Rigidity of the earth, 171, 482. 

Right ascension defined, 25,27; ascension 
determined by transit instrument, 50 
128,120; sphere, ihe, 31. 

KlngB of Bnturn, (137-842. 

Rosse, Loud, observations of lunar heat, 
280,281; his grenttelescope, 48; spltal 
nebulrc,8S$. 

Rotation, dlsfiugulshed from rcvolutlou, 
248, 248»; of the earth, affected by the 
tides, 481, 483; of the earth, proofs of, 
loS-143; of planets, how determined, 
W3; period of Jupiter, 015; period of 
Murs, 584; period o f the moon, 248,252 * 
period of Saturn, 035; of the sum 28l' 
2M; reriod of Venus, 570; poriodfl,Boa 
also Appendix, Table I. 


SaTOi, the, 303-303; uumbor of eclipses 
u sums, 398. A 

Satellites of Jupiter, 021-831; of Mn 

013, 014; of Ummis, 050-4152; tronei 
table of, Appondlx, Table II, 
ateUite orbits, generally circular, 548 
flatura. (ho planet, 032-044, 

Scheh allien, determination of thecartt 
mass, 104 , 


►Sohiai*auki.lt, coniumthuj botwoon corn¬ 
els and meteors, 78(1; his map of Mars, 
588. 

ScmiuTKit, tho rotation of Mormiry, 559; 
tho volallon of Vonus, 870. 

Sohwauk, dlHcoYory of tho jmriodlolly of 
sun spols, 307. 

Scintillation of tho Htars, 8(14. 

Sea, ship's plneont, 103,120 H, 121 A, 124- 
128. 

Seasons, tho, explained, 190, 192, 193; 
difforcuco between northern and 
southorn hemispheres, 194, 195. 

Sucoiit, theories of Ann s]K>lfl, 303, 305; 
observations oh stellar spectra, 850, 
8.77. 

Skidku, his photometer, 827. ' 

Seoular accdoratloii of tlio moon’s moan 
motion, 459-181; olmngosln tlio earth's 
orbit, 190-200; perturbations In tho 
plauotary Bystom, 525-521). 

Semi-diameter, augmentation of the 
moon’s, 88; eorrcatlon for, In sextant 
observations, 88. 

Semi-major axis of a planet's orbit, do- 
llnod ami dlaciLssod, 505, COO; axis of 
the planets' orbits, Invariable, 528; 
axis as depending on planot's velocity, 
428—130, 

Separating powor of a telescope, Dawes, 


oai^ueuces, meiuotl of, m stellar photom- 
etry, 824. 

Sextant, the, described, 78; tho, iwcd to 
dotormlno latitudo, 103; the, nswl in 
finding a ship’s place at sea, 103, 110, 
125, 320; the, used in (lotormiulng 
time, 115,110. 

Shadow of Um earth,irn dim on*! on*. 307; 
of tho moon, 370, 880; of tlio moon, Its 
velocity over the earth, 384, 
r ‘Sheath” of tho comet of 4882, 752. 
Ship’B pluco at sea, determination of, 103 
120 B, I3i A, 124-120. 

Shooting Stars, 770, 787; ashes ot t 775; 
brightness of, 773; compamtlvo num¬ 
bers in morning and ovonlng, 772; dally 

T?™.* ° fl J T V f l6vfttl011 oI . 774; rtmw 

O(,770, imUorlftb of,77(1; patJi ol, 774 • 
showora of, 780-78*); spootm of, 77B- 
velocity of, 774. J 

Short-period cmnots, 703; «p„ 10tB , t„bl 9 
Of, Appendix, Table Ilf, ^ 

Showers, meteoric, 785-780, 

Sidereal day defined, 28 , 110 ; month, 229 ; 

tlrne, 28, 110; year, Its longlh, 210, 

Xvs ’ 1 n ls d6tBrra,u,i '« d 
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S ingle-nltitudo mut hocl of dot in mining 

iuuil Unu % 1 In 

HUUm in id iln (outpnnlun, H7f>, its light 
i him putt'd w ilh tho aim's, IH, 812,815, 
lls mass, H77, 

Bley t'nl (lisianeo of, <1 

BUUotm h|m*i Imwopo, Uw, MrfNKtA 
floltu iintHtaiil, the, O3*-J10, colitises, 310, 
PI, P7, U l 1, I87~di!«, d l H, 198, eclipses, 
Ww\\ uully, tOH, tmgmo of Ei lesson 
mid Menuliuli 115, ayo pi< ces, 286,287, 
piuullnv. hoc Parallax of tlio Sun, 
H\uloin, ngo of, 922, linio, appai out 
ami mono, defined, 111, 112 
Bohitteo ilollmd, 173 
Mihiuicni h, iIoyIks tho Julian caluidai, 

Spectra of romols, 721-720, of motcois, 
775 r of nolmliu, 300, HOI, of tdms, 855- 
hM 

SpooUoaoopo, piiudptas of iln eonstnic- 
thm, Oil Ul> how It shows Iho solai 
jmnmhioiu os, 321, slilloss, H(iO~862 
BpocUoaooplo menstntijlimit of motions in 
tlHiUuouf \hd»n, \21,H(V2 
Spectrum of IhnehiomosphGio nndpiom- 
Immtr-t, V2l;of the emmui, 120 solu 
(photosphmo), Rohu, oompftied 
with him, 013, of sim spots* 121, 
umilysK fumlimnmul pi huilplos, 314, 
pholomotxy, HU 

Spho&O, tho t olostial, conceptIons of it, 4, 
tlio nhlhjuo, 31, the prunllol, 32, tho 
light, !U 

flnhoiotJt all i art ion of, 102 
SpUoLold, loiicHtilnl, Its dimonslons, 115, 
Appomns, page 527 

Bnhoiioal nbinuitlou of a 1cms, W, as- 
Umictiiiy, iloflnoil, B, nholl, 11s attiac 
tfuii, trt». 

Bptitor linen in (i lotlclo, 4(1 
Bpriiifr thin defined, etc , 163 
Snmloui* iliac of hIhis in tho tol( scope, 43 
StEilJility Of Iho phumlftty nyslom, 530- 
5 V\ 

Stand arc! nml local time, 122 
Stars, hiuiuy, boo binary Stara causes 
of this iHfloinneo In tlioii biightnoss, 
8 HI* colon of, H T 0, clink, 8,ft), desfg- 
imUo»$ mul names, m, iholir ital 
tlliunoUiit, 8IT, dWUlbntloii of, 80D, 
ilwiMa, boo Double Stare giadiua 
cihan««'i tu tlioli light, 8,10, heat fiom 
Ilium, 8!H, llgbt oomimiod wttli sim 
ll K la, m, 832, 80fi i magnitude* of, 
H 1(1-822 5 missing. 840; nature, as uq- 
lug Mins, 780, number of, 700, P»» 


(ftntiun, me to toJufu,, and nut to } nujts j 

allax and distance, SOS-314, pliotog- 
lftphy of, 708, photonictiic, ub^tri i 
tioim of, 827-831, piopti motions of, 
800-803, pioximlh of, its indications, 
813, soen hy day with telescope, 1H, 
shooting, see Shooting Stars, U mpo- 
taiy, 8*12-843, tiiph and multipk, 
882, twinkling of, oi sunldhtiou, sea 
vaiiahlo, see Variable Stars 
Star-atlases, 703 
Star-catalogues, 703 
Star-oh arts, 708 
Star-clusters, 883,884 
Star-gauges, 809 
Star-motions, 700-807 
Star-places, liow affected In aherrUion, 
etc, 220, then dcteimunition, 7‘N>, 
mean and appiient, 707 
Statical theoiy of tiic titles, 400 
Station on oi a, 158 

Stellar spectia, 853, 85o, ckibsiritation 
of, 857,858, photogiapliy of, S5<)-b(>ii, 
system, tho li^potiiotical, 

Stonp, E J, attempted obsenation of 
Btollai hc.at, 841- 

Stripe, ceuticd, in comets* taiK, 730 
Structure of the heaveus, 000-004 
Stuuvp, von, PG IV,on distribution of 
stais, 800 

Srnuvr, von, Ludwiq, investigation of 
snn s motion in spice, 8% 

Stiiuvb, von, Otto, Saturn’s lings, 037, 
012 

SuMNrm, CafT , Ills method of^deternnn- 
uig a ship's t>hce at soa, 123,120 
Sun, the, 278-304, ago and duration of, 
359,922, apparent annual motion of, 
172, 173, ittiactmn on tho tilth, its 
mtGUfiity, caudle powm of sun¬ 
light, 332, 333, chemical elements In 
it, 315-317, diameter, surface, and 
volume, 27b, 277, dist uicfl and p[> 
nllav, 274, 275, 065-501, gravity at its 
auifaco, 280, hcit emission, 
liglit, 332-336, mass and duisitv, 
278 279, its motion in bpaco, b(>4- v 0(i, 
physical constitution, 300-3*>4, US tern 
poi atui 0,349-151, the centnl, MJT 
Sun spots, then dev elopnicut and cn lug¬ 
es 297, 208, dishibutton on sun's sur¬ 
face, 301, gonciil desci iption, 293, 
204, influence on teirestrlil co ^ - 
tions, 309,310, periodicity of ,307-309, 
tlieii spectrum, 321, theories as to 
thoir cause and natuio, 302-306 
, sun's way, apex of, f 

Sunrise and sunset affected by refne- 
. tion, 92 
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Superior planet, motions of, 41)0. 

Surface errors In louses and mirrors, 40; 
of tho moon, 203-270. 

SwarmB, meteoric, 783. 

Sweden uon a, a proposer of tho nebular 
hypothesis, 008. 

System, planetary, /nots suggesting a 
theory of Its origin, 907; minierica 1 
(lain, Appendix, Table I.; stellar, 1101- 

m. 

Synodio month, or revolution, of moon, 
220-231; period, gonoral definition oT, 
400. 

Syzygy, defined, 230. 

T. 

Tables, Appimdlx. Greek alphabet, page 
527; mlseellRneons symbols, pngo 527; 
diinonsiona of the earth, pugo 527; 
time constants, page 528; Tnblo I., 
dements of solar systom, pngo 5211; 
Tnblo II., satellites of the system, 
pages 530,531; Tablo III. t sliort-porlod 
comets, jingo 532; Table IV., par¬ 
allaxes of stars, pngo 533; Tablo V., 
orbits of binary stars, pngo 534; 
Table YI., tho variable stars, pftgo 
535. 

Tables, in body of the book. Tho constol- 
lationS, 702; npproxlmato distances 
and periods of tho planets, 480; dln- 
tunco of sun corresponding to certain 

. values of the parallax, 008; distribu¬ 
tion of stars with roforonco to tho 
galaxy, 809; iron meteors soon to fall, 
758; naked-eyo stars north of colestlnl 
equator, 818; orbits and musses of cer¬ 
tain binary stars, 877; parallaxes of 
first-magnitude stars, Elkin,815; prop¬ 
er motions of certain stars, 800; signs 
of tho zodiac, 177; telescopic aperture 
required to show stars of gtyon mag¬ 
nitude, 822; temporary stars, 842; to¬ 
tal light from stars of different mag¬ 
nitude, 833; veloolty of freo wavo at 
various depths, 473. 

Tails or trains of comets, 713, 717, 728- 
730. 

Talcott, Cait., his zenith telescope, 105. 

Tangential component of tho disturbing 
force, 447. 

Telegraph used In determination of lon¬ 
gitude, 12111. 

Telescope,The, achromatic, 41; dlstinot- 
ness of Image, 30; equatorial, 72; eye¬ 
pieces, 44; the general theory, 85; In¬ 
vention of, 85; light-gathering power, 


38; Jong, of Iluyghons, 40; nmgjil Ty¬ 
ing power, 37; object-glass, various 
forms,41,42; ndleellng, various forms, 
47,48; refracting, simple, JHI; ndntinn 
of Its nporluru lo Mt« 4< iniif'iiU-iicIn ’* 
of tho smallest star visible with it, 
822; separating nr dividing power, 43. 

Teloepectrosoopo, 313. 

Teniporaturo, cause of tho annual eliimgo, 
102, 103; of Iho mono, 201 ; or tho Mini, 
340-:i51. 

Temporary slurs, 842 -HIIj. 

11 Terminator, 11 the, on tho moon's sur¬ 
face, Its form, 253. 

Tethys, tho third satellite of Malum, tUH, 

Thomsen of Uopoulmgon, Hm mechanical 
equivalent of light, 77(1, 

Thomson, Bill AV., on tho temperature of 
motcors, 705; rigidity of Iho mirth, 171, 
482. 

Tlireo bodies, tho problom of, 437, 43H. 

Tidal evolution, 481, PHI; frlellon, olYoul. 
on the Garth's rotation, 4(U, 483; 
wave, Its origin and course, 47(1. 

Tides, LliOj definition of terms relating lo 
111010,4(13; primlnguml luggingor, 47(1; 
statical theory of, 4(IU; wave llninry 
of, 472. 

Tide-raising force, the, 4(11-1(17. 

Timo, dofinod us an hour-unglo, 101); IIh 
determination by lint twxliiul, 115,1 [II; 
its determination by the transit in¬ 
strument, 115; equation of, cxjiIilIihmI 
and dismissed, 201-201; sldnroiil, ill:- 
llnod, 20, HO; solar, apparent, ill; 
solar, moan, 112; Hlniuliiril mnl hn'til, 
122 , 

Tihsibranh on peculiarities of sulolllto 
orbits, 518. 

Titan, tho sixth and grout Hntollllo of 
Hnturn, 043, 

Titanla, tho third satellite of Unions, (15(1. 

Todd, Viun>\ D. I 1 ., noiuoh for Iruns-Nep- 
tnnlan planot, (HJ2. 

Torsion bulunoo, determination of Urn 
earth's donslty, 1(15. 

Trade winds, proving rotation #>T I In* 
earth, 143. 

Trains of moteors, 7IW1, 773? 

Transits of moon aoroMs meridian, llm 
intorvnl between them, of Mor- 
oury, 5(11, 5(12; of Vonus, law oT rociii’- 
roneo, 575-577; oT Venus, used fur tin- 
tonnination of solar jinrnllnx, (l7H-fl8fI. 

Transit clrolo, see Meridian Oirole, 0.1; 
Instrument, 511-01; instrument uflcd 
in dotormtnlng time, 113, 
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(AW rofaronccs, uiiIcbb oxpiaealy stated to llic contiary, aio to arM and not to pages 1 


Trans-Noptuiuan plunot, hypothetical, 
db2 

Trnu»i>avonoy of spa< o as affected by 
mutiuiiH, 77!) 

Tiiplo ami miiltlplo HtaiH| S82 

Tiopicu, rtollnutl* 170 

Ti epical ymu, its deflinllon and its 
‘>1(1 

Twilight, Uu my and dmatlon 07, 

1 10 

Twinkling, or scintillation, of the Bttus, 
Hit I 

Two Oodles, pmbUim of, ‘I2HO 

T st uo Hit ami* dlseovom the luimi \aila 
Hon, ir>7| obseivatlonsof conietof 1C77, 
7(H), ti mpmaiy Hlai in Cassiopeia, 841 , 
IiIh planet my system, 001 

XT, 

TJmbiiol, tlm bcuom! mitollito of Umnus, 

uno 

Unit of Hhdlai distances, tlio ltght-yo<u, 
HI I 

111 anolitli Son Meteorite 
Uuxnomotiia Uovat Aagelandei, 817, 
(>\i minimi n, 82(1 

Uianufl mid Noptuno, thoii anomalous 
mtallnu in iidnthm to the nebulai 
hvimllM His, m , the planet, 0-15-052 
Utility of aslvonomy, 2 


Vertical, angle of the, r,6, circles do-. 
fined, 12 

Voorr., his classification of stf IWr spec* 
tia, 858, star motions in him of sight, 
802, 8(>i 

Vulcan, hypothetical mtia-Mtn uiml 
planet, 601,00-1 

w. 

Waste of solar energy, 747 
Water absence of, on tlie moon 273, 
presence of. In ntmosphoie of plant!s, 
500,571,580 

ttArsoN, J C, disto\cis and endow s 
tuenty-tuo asteiouls, 507, (mu 
W ave-length of a i ty of light nftoi ted h> 
motion in the lmt of \Imoii— Llop 
plot’s punuplo, 321, note 
Wave-theory of the tido, 472 
Weather moon’s influence on it, 202 
Wedge photometei, the, 82ii 
Weight, loss of, In tween equator and 
pole, 152-175, ami niT-s distinction 
betwoen them, 150, ICO 
Wipsixa, dcteimitmtlou of the earth’s 
donah v, 107 

Winnecki ’s comet, aculei ition of, 711 
Woir, puiodidty of the sun spots, 
Worms, foimnli foi the cast waul deMi- 
tioti of a falling bodj 138 


Van in ii KotiK’h thooicm, 434 
Vanishing* point of ft system of pmallel 
linns, 7 

Vtu labia mrtmlm, fW> 

Vaxiahlo stars, 818-851 classification of, 
HttBi explanation of thoii vaiiatlon, 
Mitl-ML, methods of observation, 854, 
Hi Air numboi and designation, 852; 
limit uiugnof vm in lion, 853 
Vaiiatlon, Mm lunai, 457 
Yoga, or ^ T.yi®, Us light compaied with 
tlio sun'*, 1!H, 812, 885, its spcotimn, 

Volo olty of ah euu cuts at high elevations, 

77 ,i, notei meal, linoai and anguliu, 
lusv of, 407-100, of oalth in her mbit, 
225, 278 1 of light, 225, note , 

(MXM102, of tho moon’s shadow, 384, 
pru abolio, or volodty fiom Ijiflnit 5 u 
420; of planet at any point iu its oiMfc, 
4 U , of stollai motions, 801 
Venus, Iho planet, 50B--fS77 , hei atmos- 
photo ami Us offcot upon observations 
lit .i tiftmll, 0811 ttmisUa oF, to 
dotoimino solar parallax, G78~bH0 


Year, bissextile, or leap, 210, beginning 

of % 222 , of confusion, 210, echpst, «1, 
sldcieal, ttopleal, and anomshstn, 
21(5, also \ppcndix t page 528 of light, 
unit of stellar distance 8L4 


Zenith, the astronomhal and geottniric, 

8 

Zenith distance defined, 21, ttkstopc, 
foi determination of latitude, 105 
Zenker, theory of a tonic t’s constitu¬ 
tion 733 > r7 

Zero points of t meiklnn circle, Wi, 07 
Zodiac, the, and it& signs, 177, signs of 
as affected b\ piece^ion, 203 
Zodiacal light, the, 607 , 60S 
ZoLLNer, nlhedo of tlio planets, 558, 
572, 581, 614, hM, 0W M also Appen¬ 
dix, page 520, his photometer, 8 -j , on 
the lepulsivo force acting upon comets, 
732 
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The Method of Least Squares. 

With Nmmiical b'amples of 1 s application lly GioitGP G Com 
siook, lhofessoi of \Htionomv in tlio University ol WisionBiu, ami 
Uuovuu of llie Wtishlmm Obsoivutoiy bvo Cloth viil » 08 pages 
Mailing piico, 4M IX">, foi intioducUou, 00 

woik contains a piesentation of the methods of tioating 
olisoiwd numeuoal data which mo in use among astiononuis, 
physicists and eugmeois Tb has boon v niton lor the stndont, 
and piosupposes only such mathematical attainments as aie usually 
possessed by those who have completed the Aisfc two yeais of the 
cuiuculiim of any of oui bettei schools of scienco oi engmeeung 


Peiroe^s Elements of Logarithms, 
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MATHEMATICS. 


Elements of_ the Integral Calculus, 

Second Edition, revlsod and enlarged, By AV. 1*1. JlVKitiw, ProfusHm' of 
Mathematics In Harvard Uni vorsity. rtvo, xvl -i- itH.'l pagoH. Mulling 
price, §2.15 ] for Introduction, §2.00. 

rptHS work contains, in addition to Lho huIjJooLh UNimlly tmilml 
in a text-book on the Integral Calculus, an in trod tuition to 
Elliptic Integrals and Elliptio EunotioiiB; Iho ElonmnU of thn 
Theory of Foliations} a Key to the Solution of Dlflowmlhil Equn-* 
tlona ; and a Table of Integrals. 

The subject of Definite Integrals is much more fully li'miteil 
than in the earlier edition, and in addiLinn to tlm lurtV nuitlnr, 
mentioned above, a chapter 1ms boon inserted on Dine, HinTium, 
and Space Integrals. Tho Key has boon onlargod and improved, 
and the Table of Integrals, formerly published Hopiuutuly, lias 
been muoh enlarged, and is now bound with tho CalmihiH. 


John E, Olark, Pro/, of Mathe¬ 
matics, Sheffield Scientific School of 
Yale University: Tho additions to 
the prosent edition seem to me moat 
judicious and to greatly enhauoe its 
value for the purposes of university 
instruction, for whlah In several Im¬ 
portant respects it seems to mo hotter 
adapted than any other American 
toxt-book on the subjoct. 

W. 0. EBtsy, Prof, of Mathematics, 
Amherst College , Amherst, Mass.: 
Its value Is greatly increased by tho 


additions. It la ft fine hili’odiwlhni 
to the topics on which It tnmlH. It 
may woll tnko Hh pluco beside llm 
treatises of Toil hunter mid William¬ 
son, oh one of tho best of IijuliP 
books for fitudontB and tonehnrH of 
tlio highor iniithomnllcfl. 

Win. J, Vaughn, Prof, of Malhc* 
maths, Vanderbilt Unirn'Mitg: It Is 
pleasing to soo tho author avoiding, 
and In Homo cmaon leaving out of 
sight, tho old ruts lung hImco worn 
smooth by our teaching fathers. 


4 Short Tab[e of Integra ls, 

Revised mid Enlarged Edition. To accompany Byevh/s Inlv.t/i'td Cal- 
cufi/s. By 11 0. PsiROH, Professor of Mathematics, I larvnrd thilvTfrshy. 
32 pages. Mailing price, 15 cents. Bound al«o with Dm UnlmihiH. 


Byerly’s Syllabi. 

?? F’. 1 Professor ot MiUhomnHos !u jlnrviuil Unlvoralty. 

Eftoh, 8 or 12 pRgeB, 10 cents. ThesorlosJuohuK — IMiuio Trlgoiiomulry, 
Plane Analytical Geometry, Plane Analytic Geometry l-dciim/im} 
C/oi/rie), Aimlytlcal Geomotry of Tbroo DlmonsiuhB, Modern Methods 
in Analytic Geomotry, tho Theory of Equations. 
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Directional Calculus. 


By K W II\di , Piofessoi of Mathematics In tho Univmsity of CJnchi 
nnti 8vo Cloth >H i 247 pages, ivith blank leaves toi aotos Piico 
by mail, $210, foi intiodnotion, $200 

rjMlIS woik follows, in the mam, the methods oi Giassnnum 
Amdehmnq^lehe y but deals only with space oi two and tlm*u 
dimensions. The (list two ohapteis which give the thorny and 
fundamental ideas and pi ocessesoflus method, will enable students 
to mastoi the lomaimng oliapteis, containing applications to Plane 
and {Solid Geometiy and Mechanics, oi to lead Uiassmamds oilgmul 
woiks A veiy elementaly knowledge of Tiigonometiy, the Diflei- 
ontial Calculus and Deteiminants, will bo suflicientas npiepaiation 
ioi loading this book 


Daniel Oarkart, Pi of of A fa the* 
maths , Western Unwe) situ of Penn* 
sylvuma I am pleased to note the 
success which has attended Piofessoi 


Ilydo’s efforts to biing into moie 
popnlal foim a bianch of mathemat¬ 
ics which is at oulg so abln aviated in 
foim and so coropiolionslvo imcsults 


Elements of the Differential and Integral Calculus. 


With Examples and Applications By J M Tayioii, Professoi of 
Mathematics in Colgate Univoisity 8vo Cloth 24 1 ) pages Mailing 
pilco, $19ft, toi hmoductlon, $180 


T™ aim of this tieatiso is to pie sent simply and concisely the 
fundamental piobloms of the Calculus, then solution, and moie 
common applications 

Many theoiems aie pioved both by the method of iates and that 
of limits, and thus each is made to thiow light upon the olhei 
Tho ohaptoi on differentiation is followed by one on dnect inlegtn 
tion and its moie mipoitant applications lluoughout the woik 
theio aie munoious pi acticai pioblenis m Geometiy and Mechanics, 
w Inch seive to exhibit the powei and uso ol the science, and to 
excite and keep alive tho intei est of tho student In Febi uai y, 1891, 
TayloUs Calculus was found to be m use m about sixty colleges 


The Nation, New Yotk In the 
flint piano, it is evidently a most 
carefully written hook Wo aie 
acquainted with no text-book of the 
Calculus which compiesses so much 
muttci into so few pages, and at tho 
samo timo lew os the impiession that 


all that is necessary has been said, 
In tho second place, the numbei of 
carefully selected examples, both of 
those worked out in full in illustia- 
tiem of tho text, and of those loft for 
the student to woik out foi himself, 
is oxliaoidimu j 
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Elementary Oo-ordinate ()( ',anw.L)% 

Hv W )1. Hmitit, l’rnft'HWii'nf Muili., Mlt^nnu l Kiuln MtiUi'irdly, 
ofolli* Hltf pugiM, Mulling Prl*'«, fnv liilriKlurllnn p gikOO. 


f'M*. 


W IITLM In llio Hhnly <iC Annlyliu (mtmmlry ■'lllmi’ kiiIh nl 
IcnowlcMl^s or mil turn of mind may bn unnglil. Mm bilM 
jbjoct alono turn Juallfy planing >1 In n ‘'"Hugo nn rlmiltnii, Yrt Mm 
iubjoab may bo ho pimmnil ns In Ihi of nu \\m\l odnnitir'iud vabrn. 

Morn oaionlalion, or lliu Holulioh of prohfunm by iilgobi ido pr<. . 

(h a vary in fori or dl.solplinn of ruunnii. I'.vnu fpiniindry In nut Mm 
bout dimilplino. In all thinking, I,bn mil diJlluulry lbvi in forming 
oioar noibiiH of things, Jn doing this nil Mm higlmr fimullbn um 
brought Into play. It irt this formation of fouunjits, MiPiniWu, flmt 
1b tho OHHOiitlal part of mnnln) training. Anil it In in Hun wllh Mila 
itloa that tho pro Hunt truatlho bun buim oomjinjmd. I’mfriuiui fi nf 
inftthoinaticB npiutk of It us Urn most nxhiiuidlvo work on Mm *mh- 
joot yot IhbuoiI in A morion; and In nollngi'H whom nn nusW U**l- 
book la rocpdrod for Llm rngnlav noni'HO, (hi k will bn found of girnl 
valuo for post-gradual o Ktuily, 


Wnn G. Pook, /Vn/. »/ Muthv* mlrnlily urrinwd, U !* nu nxt'fllnni 
mtiica <emf ./triNmouty, Chhwihlu bunk, uud ilm author In nutliM u> 
Gottcyc: Ilmvo rand Dr, HmiIUi'h Mo- Urn l bunks of nvury Jnvo^ »»/ nmibm 
ordhmto Gnmuniry from hoKlunln^ iinHluni kmIuium* fur IIiIh vitliiuldi 1 mm- 
to and with millaggfng tufnmil, pn j Irllmlloii In iln Hlitruitu'H, I Hlmll 
wollaompaatwl pngOHanjiliihi iui lm- ri'niiinmuud pu n>ln;i)L«u> m u put 
moiiBO amount of mnltor, numl ml* bunk lit nur ^nnlmiiu iniirm’. 

Elements of the Theory of th o Nmutonkm PoUm - 

Hat Function, 

fty B. 0. 1 'kiuoh, l k rnfunHnr nf Miillmnmili K mid l'hv*lnu. In l hound 
llnlYondly. Hvn, iHolh. l&l pugi-H, Mulling ]n j lri'/!fl.iSo: tut lwi#»^ 
dilution, * r 

rpIUS book \yuh wrlLUut for Min imn or Klitul riunl I'.hgiimnrn junl 
fltudonlti of Malhunmlhml PhyNliw bmuiutai llmm wiim in Kuglhdi 
up in at hoTKin Cf oa! Iroatmcinl of Min Thmiry of tho Now I uhlan 1‘nlon* 
fclal FnnoCion in Huflltiiunlly Hlmpln form. iLglvnum In-bdiv us Ji* 
oonffistont with cluanicHB bo inimh of. tlial; llimtry ha in imislVil l«.. 
foro tho atiuly of Htaudiinl workn on I'byalrfl ran I mi lukuii np willi 
adrantago, In tlio Roonnd uililion a hrhif tmitumnl nf liUsdro 
kiuematiicfl and a largo mimbnr of pruUlniiiN bavn lumn aiblnl. 
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Academic Trigonometry : Piano and Sphertcaf 

By r l M KtaksfiKE, PhD (Yale), Piofessoi of MithonmtUs in Dor 
M oines College, Iowa 12mo Cloth, 33 pages, Mailing pneo, 30 
cents, foi introduction, 25 cents 

fpiIE Plane and Sphencal poittons mo auangod on opposite pages 
Thememoiy is aided by analogies, and it is believed that* the 
on (no subject can be mastcied m less time than is usually given to 
I lane Tugoiiomctiy alone, as the woik contains but 20 pages of text 
The Plano poition is compact, and complete m itsolh 


Examples of Differential Equationis. 

By Gfl-onai A Oswmw, Piofessoi of Mathematics in the Massachu 
wotts Institute of loehnology, Boston 12mo Cloth, \il \ CO pages, 
Mailing Pilto, 00 cents, foi hitioduulun, DO cents 


A 


SERIES of neatly tlneo bundled examples with answois, 8ys- 
tematicaUy auanged and giouped urnici the diffeiont cases, 


and accompanied by concise uiles fm the soluhon of each case 


Selden J Coffin, lately Pint o/J Ps appeal mco is most timely, and it 
ftfai1icmalas t Lujayctte fjollvye supplies u imud lost want 


Deten]vnants, 

Tho Uiooiv of Dotonnimuits an Elementary Tioalisc By Pauij II 
IIanus, BS, lccontly Piofessoi of Mathematics in the Univoiaitv of 
Coloiado, now Assistant Piofessoi, llnivaul UnhoislLy 8vo Cloth, 
viii + 217 pages Mailing pike, 00, toi intiortuuUon, $180 

npiIIS book is wnfctiui especially foi those who have had no pie- 
vious knowledge of the subject, and is llunofoie adapted to 
Bolf-matuustion as well as to the needs of the classroom. The 
subject is at /list piosented m a veiy simple mannoi As tho 

loadei advances, less and loss attention is givon to details, 
Tlnoughout the entne woik it is tho constant aim to amuse 
and enliven tho leadei’s intciesl, by fiist, showing how tho vaiimis 
concepts have auson natiuaily, and hv giving such applications aa 
3an be presented without exceeding the limits of the tieatise 

William Cl, Pock, lalo Viof oj X W Wright, 7 J roy, of Mathcmat* 
Mathematics, Columbia CvllGfje, lLH » Onion (Jiuv , bikenodtubf, ^ Y • 
JY I A hasty glance (om inccs mo Ifc dlls admnrhiy i vacancy in out 
tint Uisan hnpio\cminl on Him maihemnilnl Ihmtmo, and 1 b a 

voiy wulumio addition indeed 
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Analytie-Geometry. 

By A. S. Habdy, PhD., Profossor of Mathenmlicfi In Dartmouth College., 
and author of Elements of Quaternion*. Rvo. Cloth. xlv+ 2119 pages. 
Mailing Prlco, $1.00; for Introduction, $1*00. 

r ptILS work is designed for the student, nob for tho lonelier. 

Particular attention haft been given to those fundamental con¬ 
ceptions and processes which, in the author’s experience, have boon 
found to be souraes of difficulty to the student in acquiring a grasp 
of the subject as a method of research. The limits of tho ■work- nvo 
fixed by the time usually devoted to Analytic Geometry in our 
college courses by those who are not to make a special study in 
mathematics. It is hoped that it will prove to be a text-hook whioh 
the teacher will wish to use in his class-room, rather than a hook of 
reference to be placed on his study shelf. 


Oren. Hoot, Professor of Mathemat¬ 
ics, HamtUon College: It mcotu qulto 
fully my notion of a text for our 
classes. I have hesitated somewhat 
about introducing a generalized dis¬ 
cussion of the conlo In required work. 
I have, however, read Mr. Hardy’s 
discussion carefully twice; and It 
seems to ruo that a student who can 
get tho subject at all can got that. 
It Is my preaout purpose to use the 
work noxt year, 

John E. 01 ark. Professor of Mathe¬ 
matics, Sheffield Sctent(flo jS’cAoof of 
Yale College: I need not hesitate to 
say, after even a cursory examina¬ 
tion, that it seems to mo a very at¬ 
tractive hook, as I anticipated It 


would be. It 1ms evidently boon pre¬ 
pared with roal Insight alike into tlio 
naturo of tho Bubjoct and tho difficul¬ 
ties of boglnnors, and a very thought¬ 
ful rogurd to both; atul I think Its 
alms and characteristic features will 
meet with high approval, Wldlo 
| leading tho fitudont to the usual uro- 
fnl results, tho author happily tukos 
1 oapcclal pains to acquaint him with 
the character nntl spirit of analytical 
molhoiH and, ho far ns prmdicalilo, In 
liolp Jilm acqulro Hklll In lining them. 

John H. Frcnoli, Dean of College 
of Liberal Arts, Syracuse Univer¬ 
sity : It in a yory excellent work, 
and woll adapted to use in tho rcob 
tation room, ’ 


Elements o/ Quaternions. 

By A. 8. Habdy, Ph.H,, Professor of Mathematics, Dartmouth Oollego. 
Second editlon t revised, Crown 8vo, Cloth, vlll + 2fi4 pages, Mailing 
Price, $2.15; Introduction, $2.00. 

fpHE chief aim has been to meet tho wants of beginners in tho 
class-room, and it is believed that this work will bo found 
Buperior in fitness for beginners in practical compass, in explana¬ 
tions and applications, and in adaptation to tho methods of ins true 
lion common in this country. 
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Elements of the Ga/culus. 

By A 3 Hahdy, lhofossoi of Mathematic? in Dartmouth College Svo 

Cloth \i i ii.ii) pages Uy mail, $ 1 GO, foi mtiodnotion, SI 50 

f Mills tu\tbaolc is based upon the method of iatos The object 
of the Diftcionlul Calculus is the measuiement and compauson 
of i airs of change when the change is not uiiitoim AYhethei a 
quantity is oi is not changing unifoimly, howevei, its iate at au\ 
instant is detuiturned cssontmlly in the same mannoi, \u by let¬ 
ting it change nt the into it had at the instant m question and 
olisoiving wJiat tins change is. It is Lins change which the Cal¬ 
culus tumbles us to dotalnuno, howovoi complicated the law of 
vjti mlitm may ho, Jfiom the authoi’s expenence in piesenting the 
Cult ulus to bogmiieis, the method of iatos gives the student a moie 
intelligent, that is, a less mechanical, giasp of the pioblems within 
ijs hfSJpe than any oOuu No compauson hna been made between 
IbiH method and those of hunts and of infinitesimals Tins laiger 
view of the Calculus is foi spocial m advanced students, foi which 
this voilv is not intended, the space and time which would be 
mjiniwl by such gemma! compauson being devoted to the applica 
turns of the incihod adopted 

lhut T, 1 hUmmtial Calculus, occupies 100 pages Pait II, Tnfce 
guil Calculus, 7 !J pages, 


Gaoi go B Morunian, fuvmoily 
Pin/ W MM ?nt and dtfnm Ititt- 
Oollaue I tun glad to obsoivo 
that PiofasBoi Ihudy has adopted 
Urn method of iatos in his now Cftlcu- 
lutt, a log Usd and intelligent motliod, 
whb»h avoids mtatu difllcuUles lit 
volved in the \\m\al methods 

J B Colt, rat/ of Mathematics, { 
/loslutt bmvpinty It plcasos mo 
voiv much Thn tioatmont of the 
first piiuolplos of Calculus by tho 
molhocl of iatos is eminently clow 
Its use next yeat is ciuito piobablo 

Ellon Kayos, Prof of Mathemat¬ 
ics f Wrllcslvy GoUcr/c I have found 


it a ploasuio to examine the bool 
It must commend itself in mai N 
inspects to tonchois of Calculus 

W, & MoDamel, Prof of Mathe 
matits x TK^sfe ?Mainland College 
llaidy's Calculus and Analytic Gt 
omoti y aro certainly far bettei books 
foi the college class-room than any 
othois I know of, Tho feature ol 
both books is the directness with 
which tho author gets right at the 
voty fact that bo intends to convey 
to tho student, and the foico of his 
pipsontntion of the fact is gieatlv 
augmented by tho excellent at range 
mont of type and other features of 
the mechanical make up 
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young^a General Astrononiy. 

A Text-book for Colleges and Technical Sohonln. lly GjiahIjKH A. YoiiNU 
Pli.D., LL.D,, ProfoRSor of Astronomy In the College of Now Jorsoy, ami 
author of Tho Sun, oto. 8vo. vlll 4- ftfll pagos, llalf-moroaco, Illus¬ 
trated with over 2B0 cuts and dlogrEima, mu] supploinontoii with tho nuc. 
ossary tables. Price by mall, for Introduction! $2.25, 

amount, tho work has "boon adjusted uh closed y iih pimKlhln to 
tho prevailing courses of study in our collogtiH. Wy omitting 
tho fine print, a briofur emmo mny bo arranged. 

Tho eminence of Profoasor Young as an original hivoNtigntoi 
in astronomy, a lecturer and writer on tho subject, and tin 
lnatructov of collego olasses, and his scrupulous caro in preparing 
this volume, led the publishors lo present tho work with tlin 
highest confidence; and this confidence lias been fully juslilhiil 
by the event. More than ono lmndrcd colleges adopted Mm wont 
within a year from its publication, ami it is eouooileil In ho tho 
beat astronomical toxt-book of its grade to ho found anywhere, 

Edw, 0. Pickering, Pt'qf. of As- S. P. Langley, Se.ti, SwUhmnhui 
tronomy, Harvard University: 1 Inst., Wuehhi,ijlnu, !), : I know no 

think thiB work tho best of Unkind, bottor IkkjIc (not to say us good u 
and admirably adapted to Its pur- one) for Its purpobo, on Iho subject, 
pose. 

/!/? Ijrtroduotion to Spherical and Practical As- 

tronomy. 

By Daboom Grbbne, Professor of Muthomiillea and AHlrmmmy In Iho 
Ronsselaer Polytechnlo InBtltuto, Tn»y, N.Y, 8vo. Glolh, Jlhwlruiml, 
Ylli + 158 pagos, Mailing price, fll.00; for introduction, $im 

rpHE book ia intended for oloas-room use and affords huoIi a prep¬ 
aration aa the atudaut needs before entering upon tho study 
of the larger and more elaborate works on Ihla subject. 

The appendix contains an elementary exposition of Mm method 
oE least squares. 

Daniel Oorhort, Act. Prof. Math¬ 
ematics, Western Univ. qf Pa., Alle¬ 
gheny, Pa.; Professor Groone Iirh 
supplied that which 1 b needed Co make 
tho usual course in Astronomy In our 
colleges more practical. 

work which it profosHrH lo cover. 


Bodnoy G. Kimball, Pnlylvvluih 
Institute, JliWiklytt , A. 1',; 'Tho 
hasty examination which I Intvo 
given It hns loft u very fiivornliln 
Impression im lo Its marlin uk u 
J udicious compound uf iho priudlnil 


